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Background: NF-�B activation and GRK5 up-regulation have been shown to be associated with heart disease.
Results: GRK5 induces NF-�B signaling pathway both in cardiomyocytes and in mouse hearts.
Conclusion:GRK5 triggers the binding of NF-�B (p50/p65) to DNA in the nucleus and promotes gene transcription including
hypertrophic gene.
Significance:GRK5 up-regulationmay lead to a significant increase in expression and activation ofNF-�B seen in heart disease.

G protein-coupled receptor kinase 5 GRK5 plays a key role in
regulating cardiac signaling and its expression is increased in
heart failure. GRK5 activity in the nucleus of myocytes has been
shown to be detrimental in the setting of pressure-overload
hypertrophy. The ubiquitous nuclear transcription factor �B
(NF-�B) is involved in the regulation of numerous genes in var-
ious tissues, and activation of NF-�B has been shown to be asso-
ciated with heart disease. Herein, we investigated whether
GRK5 can specifically regulate the NF-�B signaling pathway in
myocytes.We found that overexpression of GRK5 increased the
levels of NF-�B -p50 and p65 in vitro and in vivo, whereas loss of
GRK5 resulted in lower cardiac NF-�B levels. Furthermore,
increased GRK5 expression induced the phosphorylation status
of p65, increased the activity of a NF-�B reporter, and increased
NF-�B DNA binding activity in cultured neonatal rat ventricu-
lar myocytes. Importantly, siRNA against GRK5 presented with
the opposite results in neonatal rat ventricular myocytes as p65
and p50 were decreased, and there was a loss of NF-�B DNA
binding activity. The influence of GRK5 on NF-�B expression
and activity was dependent on its nuclear localization as over-
expression of a mutant GRK5 that cannot enter the nucleus was
devoid of NF-�B activation or DNA binding. Our study demon-
strates that a novel pathological consequence of GRK5 up-reg-
ulation in the injured and failing heart is the induction ofNF-�B
expression and activity.

Gprotein-coupled receptors (GPCRs),3 such as�-adrenergic
receptors, are critical regulators of the function of the cardio-

vascular system. GPCRs undergo nodal regulation following
agonist activation triggered by phosphorylation via a family of
kinases known as GPCR kinases (GRKs) (1, 2). GRK phospho-
rylation of activated receptors triggers a process of desensitiza-
tion that involves the loss ofGprotein signal through binding of
�-arrestins to the phosphorylated receptor (1). Seven GRKs
have been identified, and they all have distinct tissue distribu-
tion, subcellular localization, and undergo specific regulatory
actions (2, 3). In the heart, GRK2 and GRK5 are themost abun-
dant, and importantly, both have been shown to be up-regu-
lated in failing human myocardium (1, 4). Animal models have
led to the discovery that when GRK2 and GRK5 are elevated in
the heart, they can drive pathological signaling and heart failure
(HF) (5–8).
GRK5 is unique compared with GRK2 as it has a functional

nuclear localization signal (NLS) (9), and indeed, it has been
found in the nucleus of myocytes (6, 8, 10, 11). In fact, nuclear
localization has been shown to be the determinant of cardiomy-
opathy after pressure overload where it has non-GPCR activity
as a class II histone deacetylase kinase driving cardiac hyper-
trophic gene transcription (8, 12). Consistent with this, mice
devoid of GRK5 in their hearts have an attenuated response to
ventricular pressure overload, and HF is prevented in these
mice with demonstrable lower histone deacetylase 5 phospho-
rylation (12).
Previously, we have explored potential mechanisms for

GRK5 up-regulation in the heart and found that GRK5 gene
expression and protein levels can be induced by NF-�B activity
(13). This is a potentially interesting interaction because previ-
ous studies have shown that GRK5 can regulate NF-�B signal-
ing at the protein level (14–18). In this study, we have uncov-
ered both in vitro in myocytes and in vivo in the mouse heart,
that GRK5 acting in the nucleus can drive expression and activ-
ity of NF-�B molecules. Thus, in addition to facilitating hyper-
trophic signaling throughmyocyte enhancer factor-2 (8),GRK5
can activate NF-�B, which has also been implicated in cardiac
hypertrophic gene transcription (19, 20). Therefore, both sys-
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tems (GRK5 andNF-�B) appear to co-regulate each other, link-
ing these two potential pathological mediators that suggest
novel means of therapeutic intervention against maladaptive
cardiac hypertrophy and HF.

EXPERIMENTAL PROCEDURES

Maintenance of Primary Culture, Immunoblot Analysis, and
Total Cellular Lysate Preparation—Ventricular cardiomyo-
cytes from 1- to 2-day-old rat neonatal hearts (NRVMs) were
prepared as we have published recently (2). Myocytes were cul-
tured in Ham’s F-10 supplemented with penicillin/streptomy-
cin (100 units/ml) and 5% FBS at 37 °C in 5% CO2-humidified
atmosphere for 2–3 days. NRVMs were cultured for 24 h in
complete medium consisted of 85% Ham’s F-10, 10% heat-in-
activated horse serum, 5% FBS at 37 °C, in the presence of 5%
CO2 and 95% ambient air followed by maintaining in 5% FBS
containing medium for another 24 h. After 2 days, cells were
infected or transfected and maintained in serum free medium
for 48 h. In some experiments, NRVMs were infected with
appropriate adenoviruses or siRNA. The cells were scraped
from the dishes using ice-cold phosphate-buffered saline con-
taining protease inhibitor mixture (1 tablet/10 ml) (Roche
Applied Science) and lysed using lysis buffer. Protein concen-
trations were determined by a Pierce BCA protein assay kit.
Proteins (15 �g) were separated on NuPAGE Novex 4–20%
bis-tris gels (Invitrogen) and transferred to nitrocellulosemem-
branes. The membranes were then analyzed by immunoblot-
ting using specific antibodies to GRK5, p65, phospho-p65
(p-p65), p50, and GAPDH. Antibodies were obtained from
Santa Cruz Biotechnology (Santa Cruz, CA) and Cell Signaling
Technology, Inc.
Electrophoretic Mobility Shift Assay (EMSA)—Nuclear

extracts (NE) were prepared from NRVMs as described previ-
ously (13). Protein concentrations were determined by a Pierce
BCA protein assay kit. Double-stranded NF-�B consensus oli-
gonucleotides (sense, 5�-GAG CGT GGG GAT CCC GGG
AGT C-3� and antisense, 5�-GAC TCC CGG GAT CCC CAC
GCTC-3�) were used in EMSA. The oligonucleotides were end
labeled using IRdye 700 and used as probes (Integrated DNA
Technologies, Inc.). NE (7 �g) were incubated with IRdye-la-
beled NF-�B oligonucleotide in dark for 30 min at room tem-
perature in reaction buffer (20 mM HEPES, pH 7.6, 75 mM KCl,
0.2 mM EDTA, 20% glycerol) and 1 �g of poly(dI-dC)-poly(dI-
dC) (Li-Cor) as nonspecific competitor. For antibody-mediated
super shift assay, 1 �g of p50 or p65 was incubated in reaction
mixture for 30 min. followed by incubation with IRdye-labeled
probe for another 30 min. Protein-DNA complexes were sepa-
rated from free probe on 4% non-denaturing polyacrylamide
gel. The image was visualized and scanned by the Odyssey
infrared imaging system.
RNA Isolation and Reverse Transcriptase Real Time (q)PCR—

NRVMs were cultured for 24 h in complete medium then
changed to 5% FBS containing medium for another 24 h. Cells
in 5% medium were then maintained in serum-free medium in
the presence of either appropriate adenoviruses or siRNA
for 48 h. Total RNA was isolated from these cells and from
heart tissues obtained from mouse models by the one-step
method described previously (21) (TRIzol; Invitrogen). RNA

was treated with DNase to remove any contaminating DNA,
and 500 ng were reversed transcribed using I-script cDNA syn-
thesis kit from Bio-Rad. Validated primer sets directed against
GRK5 (forward, 5�-CAA GGA GCT GAA TGT GTT CGG
AC-3� and reverse, 5�-GCT GCT TCC AGT GGA GTT TGA
AT-3�) and p65 (forward, 5�-CAA GTG CCT TAA TAG CAG
GGCAAA-3� and reverse, 5�-AGAGCTAGAAAGAGCAAG
AGT CCA AT-3�) along with the constitutively expressed 18S
rRNA (forward, 5�-ACC GCA GCT AGG AAT AAT GGA-3�
and reverse, 5�-GCC TCA GTT CCG AAA ACC A-3�) were
used for qPCR amplification. The Bio-Rad detection system
(MyIQ) was employed using the DNA binding dye SYBR green
for the quantitative detection of PCR products. The cycle
threshold was set at a level where the exponential increase in
PCR amplification was approximately parallel between all sam-
ples. Data were normalized by analyzing the ratio of the target
cDNA concentrations to that of 18S rRNA.We have compared
expression of 18S rRNA to that ofGAPDHand have found both
to be unaffected by adGRK5 or GRK5 siRNA treatment.
Transfection of Myocytes with GRK5 siRNA—NRVMs were

cultured for 24 h in complete medium then changed to 5% FBS
containing medium for another 24 h. Cells in 5%medium were
then maintained in serum free medium in the presence or
absence of GRK5 siRNA (30 nM) for 72 h using HiPerFect as
transfecting reagent from Qiagen. Both RNA and total lysates
were prepared from these cells. Lysates were used to determine
proteins levels by immunoblot. cDNAs obtained from RNA
were analyzed by real time quantitative PCR using the primers
for GRK5, p65, p50, and 18s. Rat GRK5 siRNA was obtained
from Dharmacon, Inc.
Infection of NRVMswith Recombinant Adenoviruses Express-

ing GFP (AdGFP) and GRK5 (AdGRK5)—NRVMs were cul-
tured for 24 h in completemedium and then changed to 5% FBS
containing medium for another 24 h. Cells in 5%medium were
thenmaintained in serum-free medium and were infected with
recombinant adenoviruses. Briefly, the cells were incubated for
overnight with recombinant adenoviruses expressing GRK5
(AdGRK5) (multiplicity of infection of 200) or with GFP
(AdGFP) (multiplicity of infection of 200) or with GRK5 miss-
ing nuclear localization sequence (AdGRK5-NLS). The next
day, media were removed and changed to serum-free media
and incubated for another 24 h. Cells were harvested and lysed
followed by immunoblot analysis, EMSA, and RT-qRT-PCR.
Luciferase Activity—NRVMs were cultured for 24 h in com-

plete medium then changed to 5% FBS containing medium for
another 24 h. Cells in 5% medium were then maintained in
serum-free medium in the presence of recombinant adenovi-
ruses expressing NF-�B�luciferase reporter (NF-�B�Luc) or
GFP (AdGFP) or GRK5 (AdGRK5) or GRK5-NLS (AdGRK5-
NLS) or in some combination for 24 h. The next day, media
were removed and changed to serum-freemedia and incubated
for another 24 h. Cells were harvested 48 h after infection in
passive lysis buffer (Promega). The samples were prepared
according to the manufacturer’s instructions (Promega) and
measured by using a Tecan plate reader.
Transverse Aortic Constriction (TAC)—TAC was performed

essentially as described previously (22). Briefly, mice were
sedated in an isoflurane sedation box (induction, 3%; mainte-
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nance, 1.5%) and anesthetized to a surgical plane with an intra-
peritoneal dose of ketamine (50 mg/kg) and xylazine (2.5
mg/kg). Anesthetized mice were intubated, and a midline cer-
vical incision wasmade to expose the trachea and carotid arter-
ies. A blunt 20-gauge needle was inserted into the trachea and
connected to a volume-cycled rodent ventilator on supplemen-
tal oxygen at a rate of 1 liter/min and respiratory rate of 140
bpm/min. Aortic constriction was performed by tying a 7–0
nylon suture ligature against a 27-gauge needle, which was
promptly removed to yield a constriction of 0.4 mm in diame-
ter. Pressure gradients were determined by in vivo hemody-
namics, and mice with gradients �30 mmHg were used.
Statistics—All values in the text and figures are presented as

mean � S.E. from at least three independent experiments from
given n sizes. Statistical significance of multiple treatments was
determined by one-way analysis of variance followed by the
Bonferroni post hoc test when appropriate. Statisical signifi-
cance between two groupswas determined using the two-tailed
Student’s t test. p values of �0.05 were considered significant.

RESULTS

Overexpression of GRK5 Increases Both mRNA and Protein
Levels of p50 and p65 in NRVMs—To determine the role of
GRK5 in NF-�B signaling in terms of expression and activity in
cultured myocytes, NRVMs were infected with either AdGFP
or AdGRK5, and cells lysates were obtained for immunoblot-
ting or RNA isolated for qRT-PCR. Overexpression of GRK5
induced the up-regulations ofNF-�B subunits p50 andp65 (Fig.
1, A–C). Furthermore, mRNA levels of p50 and p65 were
increased (Fig. 1, D and E). Overexpression of GRK5 was also
confirmed after AdGRK5 infection of myocytes by measuring
both proteins (Fig. 1A) and mRNA (data not shown). Impor-
tantly, phosphorylation of p65 (p-p65) was induced in cultured
myocytes infected with AdGRK5 (Fig. 1A,middle panel). It has
been reported that phosphorylation of p65 increases the tran-
scriptional activity of NF-�B by strengthening the interaction

between p65 and the transcriptional coactivator CBP/p300 in
the nucleus (23).
Reduction in the levels of p50 and p65 after treatment of myo-

cytes withGRK5 siRNA—Thedata presented above suggest that
GRK5 acts to mediate induction of NF-�B expression in myo-
cytes. To directly demonstrate the mechanistic action of GRK5
onNF-�B signaling, we treated NRVMs with siRNA against rat
GRK5. Cells treated with GRK5 siRNA showed significant
reduction of p50 and p65 protein levels compared with levels
found in cells treated with control siRNA (Fig. 2, A, C, and D).
Interestingly, reduction in the level phosphorylated p65 (p-p65)
was also observed in culturedmyocytes after GRK5 knockdown
(Fig. 2A). Our data indicate that GRK5 is required for the phos-
phorylation of p65 (Figs. 1A and 2A). Loss of GRK5 expression
(Fig. 2,A andB) also led to a reduction of p50 and p65mRNA in
NRVMs (data not shown) demonstrates that the mechanistic
action of GRK5 occurs at the level of transcription.
Expression p50 and p65 in GRK5 Transgenic (Tg GRK5) and

GRK5 Knock-out (KO) Mice Basally and with the Aortic
Constriction—To correlate the above findings in culturedmyo-
cytes to the heart in vivo, we used our available GRK5 KOmice
and cardiac-specific GRK5 overexpressing transgenic mice (Tg
GRK5). Interestingly, TgGRK5mice had increased levels of p50
and p65mRNA inmyocardium compared with non-transgenic
littermate control (NLC) mice (Fig. 3, A and B). Interestingly,
when pressure overload hypertrophic stress was applied to
NLC and Tg GRK5 mice via TAC, p50 and p65 mRNA were
significantly increased, which is consistent with results in
NRVMs (Fig. 1). Interestingly, TAC induced p50 and p65 even
more robustly in TgGRK5 hearts (Fig. 3,A and B). Overexpres-
sion of GRK5 was also confirmed in the heart tissues of Tg
GRK5mice as well as in mice after TAC (Fig. 3C). Importantly,
increased levels of p-p65 were observed in the heart tissues of
Tg GRK5 mice and more robustly increased in mice after TAC
(Fig. 3D). Similarly, the levels of mRNA expression of p50 and
p65were analyzed in heart tissues obtained from littermateWT
control and GRK5 KOmice under sham conditions or 2 weeks
of after TAC. Data in Fig. 3, E and F, show that mRNA expres-
sion of both p50 and p65were significantly decreased in cardiac
specificGRK5KOmice as comparedwithWT.Moreover, TAC
induction inGRK5KOmicewas not able to increase expression
of p50 and p65 as compared with WT mice (Fig. 3, E and F).
Similarly, p-p65 levels were markedly decreased in GRK5 KO
mice compared with WT mice (Fig. 3G). There was also a
reduction of p-p65 in TAC induced GRK5 KO as compared
with WTmice after TAC (Fig. 3G). Thus, it appears that levels
of GRK5 directly determine NF-�B levels including p-p65 in
myocytes.
Induction of NF-�B Activities by GRK5 in Cultured Myo-

cytes—To analyze the effect of GRK5 on NF-�B DNA binding
activity, NRVMs were infected with either AdGRK5 or AdGFP
and NE were prepared from cultured NRVMs after infection.
NE from the infected myocytes was analyzed by EMSA using
consensus NF-�B site as an IR-dye labeled probe. The gel was
scanned using an Odyssey infrared imaging system. As can be
seen in Fig. 4A, overexpression of GRK5 increased the NF-�B
DNA binding activity as compared with AdGFP-infected cells.
The data indicate that the induction ofNF-�Bproteins levels by

FIGURE 1. GRK5 induces NF-�B expression in cultured myocytes. NRVMs
were infected with AdGFP or AdGRK5 (see “Experimental Procedures”). A,
total lysates (15 �g) were analyzed by immunoblot for GRK5, p65, phosho-
p65 (p-p65), p50, and GAPDH. B and C, quantitation of immunoblots in A. D
and E, cDNAs obtained from myocyte RNA were analyzed by real time qPCR
(see “Experimental Procedures”). Expression of mRNA is shown in % of AdGFP
for p50 (D) and p65 (E). The data presented above are the means � S.E.; *, p �
0.05 versus AdGFP (t test) (n � 3 separate experiments).
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GRK5 also increased its activity in heart cells. To determine the
specificity of NF-�B binding activity nonspecific oligonucleo-
tide and nonspecific antibody were added to the reaction mix-
ture containing AdGRK5-infected NE (Fig. 4B). As can be seen,
NE fromAdGRK5 infected NRVMs bound to the NF-�B oligo-
nucleotide (Fig. 4B, lane 2) and non-labeled (200-fold excess)
NF-�B consensus oligonucleotide competed with IR-dye
labeled NF-�B oligonucleotides for binding to nuclear proteins
(Fig. 4B, lane 3) compared with non-labeled nonspecific oligo-
nucleotide (Fig. 4B, lane 4). Antibodies to NF-�B proteins p50
and p65 added alone reduced the intensity of the NF-�B-nu-
clear protein complex as compared nonspecific antibody (Fig.
4B, lanes 5–7). This suggests the presence of p50 and p65 in the
complex of nuclear proteins fromAdGRK5-infected myocytes.
Interestingly, NF-�B DNA binding activity was also decreased
by the treatment of myocytes with GRK5 siRNA (Fig. 4C). To
determine an additional role of nuclear GRK5 in the regulation
of NF-�B signaling, the effect of GRK5-NLS (a mutant form of
GRK5 that lacks the nuclear localization sequence) was tested
for NF-�B DNA binding activity the requirement of GRK. We
observed previously that GRK5 is required for the activation of
myocyte enhancer factor-2 after hypertrophic stress (8). Simi-
larly, in the present study, we found that nuclear localization
sequence of GRK5 is required to activate NF-�B in cultured
NRVMs (Fig. 4D).
Induction of NF-�B Luciferase (NF-�B�Luc) activity by

GRK5—In addition to NF-�B DNA binding activity, the role of
GRK5 in NF-�B using a reporter construct was assessed.
NRVMs were infected with an adenovirus expressing notifica-
tion of an NF-�B luciferase reporter (NF-�B�Luc) followed by
incubation with either AdGRK5 or AdGRK5-NLS. As can be
seen in Fig. 5, GRK5 positively induced NF-�B luciferase activ-
ity. Importantly, when GFP- and GRK5-expressing myocytes
were treated with SC 514, a selective inhibitor of I�B kinase 2
that can inhibit NF-�B gene expression, we found significant
reduction of GRK5-induced NF-�B activity. Interestingly, SC
514 is able to inhibit GRK5 expression in cultured myocytes
(13). The effect ofGRK5-NLSwas analyzed forNF-�B�luc activ-
ity, and as shown in Fig. 5B, overexpression of aGRK5 devoid of
nuclear sequence had no effect on NF-�B luciferase activity.

These data suggest that NLS of GRK5 is important for the acti-
vation of NF-�B signaling in cultured myocytes.

DISCUSSION

Based on the data presented above, we describe a critical role
for GRK5 in the regulation of cardiac NF-�B signaling pathway
that occurs at the gene transcriptional level where the p50 and
p65 subunits can directly bind to the DNA in the nucleus and
promote various gene transcription events, including hyper-
trophic genes. GRKs arewell recognized as critical regulators of
GPCR signaling based on their roles on phosphorylating and
desensitizing these receptors as demonstrated by numerous
studies (24–26). As the most widely expressed and best char-
acterized member of the GRK4 subfamily, GRK5 plays impor-
tant roles in GPCR-mediated physiological processes, espe-
cially in the central nervous and cardiovascular systems (3). The
data presented above uncovers a novel mechanism involved in
the regulation of NF-�B signaling in cardiomyocytes. Because
cardiac NF-�B is activated following myocardial stress and has
been shown to be increased in HF, the role GRK5 plays in the
NF-�B signaling pathway is significant. It is well known that
GRK5 can be activated by hypertrophic stimuli as well as reac-
tive oxygen species (13), and therefore, various forms of cardiac
stress may presumably lead to GRK5-mediated NF-�B activa-
tion. Increased GRK5 appears to be a key pathological compo-
nent of the post-stressed heart as it can localize to the nucleus
where it can act as a class II histone deacetylase kinase promot-
ing maladaptive hypertrophy and HF (8) through activation of
fetal gene expression, including NF-�B. Activation of this
transcription factor in turn up-regulates fetal gene expres-
sion, including GRK5 (13), which is up-regulated during
hypertrophy/HF.
In other studies, interactions between GRK5 and NF-�B sig-

naling components (albeit at the protein level) have been dem-
onstrated (15–18), and we recently looked for the potential of
this system that can be activated by PKC to regulate GRK5
expression in myocytes (13). NF-�B activation occurs through
I�B degradation and subsequent nuclear translocation of the
p65 subunit to regulate gene transcription (19, 20, 27). NF-�B
plays important roles in cardiac hypertrophy and remodeling.

FIGURE 2. Lowering of NF-�B levels by GRK5 silencing in cultured NRVMs. NRVMs were transfected with GRK5 siRNA (30 nM) or control siRNA (see
“Experimental Procedures”). A, total lysates were prepared and analyzed by immunoblot for GRK5, p65, p-p65, p50, and GAPDH. B–D are quantitations of
immunoblots in A. The data presented above are the means � S.E., *, p � 0.005 versus control (t test) (n � 3 separate experiments).
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In vitro studies have shown that NF-�B is required for hyper-
trophic growth of cardiomyocytes in response to GPCR ago-
nists such as phenylephrine, endothelin-1, and angiotensin II
(20, 27, 28). In vivo studies using different animals models of
NF-�B inactivation by I�B�mutant overexpression, p65 silenc-
ing, or p50 deletion also showed reduced cardiac hypertrophy
in response to aortic banding (29), chronic infusion of GPCR
agonists (30, 31), and transgenic overexpression of myotrophin
(32, 33). NF-�B has been implicated in cardiac hypertrophy,
and the best evidence is from a transgenic mouse model with
cardiac-specific expression of a mutant I�B� that acts as a
super-repressor of NF-�B (34, 35). The expression of this
mutant attenuated hypertrophic phenotypes induced by angio-
tensin II or isoproterenol infusion as well as aortic banding (30,
36). The fetal gene program was also abrogated in this model.

Therefore, irrespective of whether these two molecules can
interact at the protein level in the cytoplasm (15–18), GRK5
and NF-�B activity in the heart may lead to interrelated or par-
allel hypertrophic gene transcriptional paths.
Importantly, our previous study showed a putative nuclear

link between those two molecules and pathways as we identi-
fied a putative NF-�B binding sequence within the 5�-flanking

FIGURE 3. In vivo effects of ventricular pressure overload and GRK5 on
cardiac p50 and p65 expression. Heart tissue from NLC mice and transgenic
mice with cardiac-specific overexpression of GRK5 (Tg GRK5) under sham
conditions or 2 weeks after TAC were collected, and RNA was prepared.
cDNAs obtained from RNA were analyzed by real time qPCR, and expression
of mRNA is shown in % of NLC for p50 (A); p65 (B); and GRK5 (C). The data
presented are the mean � S.E., *, p � 0.05 versus NLC sham; �, p � 0.05 versus
NLC TAC; #, p � 0.05 versus Tg GRK5 sham (one-way analysis of variance,
Bonferroni’s multiple comparison test) (n � 4). D, total lysates were prepared
from heart tissues of these mice and were analyzed by immunoblot for p-p65
and GAPDH (n � 4). E and F, heart tissue from WT mice and GRK5 KO mice
under sham conditions or 2 weeks of after TAC were collected, and RNA was
prepared. cDNAs obtained from RNA were analyzed by real time quantitative
PCR and expression of mRNA is shown in arbitrary units for p50 (E) and p65 (F).
Data presented above are means � S.E. *, p � 0.05 versus WT; �, p � 0.05
versus WT TAC (one-way analysis of variance, Bonferroni’s multiple compari-
son test) (n � 4). G, total lysates were prepared from the heart tissues of these
mice and were analyzed by immunoblot for p-p65 and GAPDH (n � 4).

FIGURE 4. Effects of GRK5 on NF-�B DNA binding activity in cultured myo-
cytes. A, EMSA was carried out for 7.5 �g of NE from cultured NRVMs infected
with AdGFP or AdGRK5 to analyze DNA binding activity of NF-�B using IR
dye-labeled oligonucleotide for consensus NF-�B sites (see “Experimental
Procedures”). Lane 1, free probe (FP; no NE); lane 2, AdGFP; and lane 3,
AdGRK5. B, competitive and antibody-mediated super-shift EMSA using NE
from AdGRK5-infected (NRVMs) and labeled oligonucleotide for consensus
NF-�B sites. For EMSA super-shift and competition assays, samples were incu-
bated with specific antibodies to p50 or p65 and with 200-fold excess non-
labeled consensus or non-labeled nonspecific oligonucletides, respectively,
for 30 min prior to the addition of labeled nucleotides (see “Experimental
Procedures”). Lane 1, FP (no NE); lane 2, NE alone; lane 3, NE � 200� specific
oligonucleotide (non-labeled); lane 4, NE � 200X nonspecific oligonucleotide
(non-labeled); lane 5, NE � p65; lane 6, NE � p50; and lane 7, NE � nonspecific
(nonsp.) antibody. C, EMSA for NF-�B DNA binding activity in NE of myocytes
treated with GRK5 siRNA or control siRNA. D, EMSA for NF-�B DNA binding
activity in NE of myocytes infected with AdGFP, AdGRK5, or adenovirus
expressing GRK5-NLS (AdGRK5-NLS). An arrow indicates specific NF-�B bind-
ing activity. The experiment shown here is a representative of three inde-
pendent experiments that yielded comparable results.

FIGURE 5. Induction of NF-�B luciferase (NF-�B�Luc) reporter activity by
GRK5 in NRVMs. A, an adenovirus containing NF-�B-luciferase reporter
(AdNF-�B�Luc) was used to infect NRVMs along with AdGFP or AdGRK5 and
treated without or with the NF-�B inhibitor SC 514 (100 �M). NF-�B�Luc activ-
ity was measured by using Tecan plate reader. B, similar experiment but
AdGRK5-NLS (virus lacks NLS (nuclear localization sequence)) used to show
that NF-�B�Luc activity induced by GRK5 in cultured NRVMs requires nuclear
localization. The data presented above represent mean � S.E. of n � 3 inde-
pendent experiments done in duplicate. *, p � 0.05 versus AdGFP; ‡, p � 0.05
versus AdGRK5 (one-way analysis of variance, Bonferroni’s multiple compari-
son test).
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region of theGRK5 gene and both p50 and p65NF-�B appear to
interact with this region of the promoter in the nucleus of car-
diomyocytes (13). It was then posited that this interaction of
GRK5 could activate NF-�B signaling pathway. Herein, we
found that overexpression of GRK5 increased p50 and p65
expression in vivo and in vitro. To strengthen this result, direct
activation of NF-�B was induced by overexpression of GRK5
and was inhibited by lowering the levels of GRK5 in cultured
myocytes through gene knockdown strategy. NF-�B is consid-
ered to be a redox-sensitive transcription factor, and reactive
oxygen species is a potent stimulator of NF-�B; however, the
precise steps sensitive to oxidative stress that may activate
GRK5 up-regulation has not been determined clearly. In a pre-
vious study, it was shown that reactive oxygen species induces
GRK5 levels in cultured myocytes (13). The potential role of
endogenous GRK5 in the regulation of NF-�B signaling was
supported by the finding that transfection with GRK5 siRNA
reduced p50 and p65 expression as well as decreased NF-�B
DNA binding activity in cultured myocytes. In addition, our in
vivo study showed that NF-�B expression was induced in Tg
GRK5mice, and it was reduced in cardiac specific TgGRK5 KO
mice. For further mechanistic study for the involvement of
GRK5 in regulation of NF-�B signaling, we tested the effects
ofGRK5-NLS in culturedmyocytes. Interestinglywe found that
GRK5-NLS had no effect on activation of NF-�B, which indi-
cates that only nuclear localizedGRK5 regulatesNF-�B expres-
sion and activity.
In conclusion, our findings describe a critical role of GRK5 in

the regulation of cardiacNF-�B signaling pathwaywhereGRK5
induces expression, phosphorylation, and DNA binding activ-
ity of NF-�B. This potentially strengthens the interaction of
NF-�B -p65 with coactivator (e.g. CBP/p300) or other tran-
scription factors resulting in transcriptional activation of
NF-�B in the nucleus of the myocytes. We have demonstrated
that both stimulatory and inhibitory effects of GRK5 on NF-�B
signaling are associated with changes in the expression, inter-
action, phosphorylation, binding, and transcriptional activity
of NF-�B. A recent report from our laboratory showed that
decreasing myocyte GRK5, either completely as in the global
GRK5 KO mice or in cardiac specific GRK5 KO resulted in
decreased cardiac hypertrophy and prevented pathogenesis of
HF (12). Our present study indicates that decreasing GRK5 lev-
els could represent a novel approach to attenuate cardiac
hypertrophy/HF through inactivation of NF-�B signaling path-
way in the heart. As increasedGRK5, acting as a Class II histone
deacetylase kinase and activity of NF-�B is enhanced in cardiac
hypertrophy, can promote maladaptive ventricular hypertro-
phy andHF, this is an especially significant finding. As such, the
NF-�B signaling pathway may be mediated by GRK5, which
may directly be involved in hypertrophy and heart disease
through inducing hypertrophic gene expression. Thus, strate-
gies to limit GRK5 expression after cardiac injury could limit
maladaptive gene changes or activation of transcription factor
such as NF-�B, including its target genes. Future studies can be
designed to investigate the molecular mechanism for the regu-
latory roles of GRK5 in the NF-�B signaling pathway in vivo
models of hypertrophy and HF.
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