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In response to stress, the heart undergoes a pathological remodeling process associated with hypertrophy and the reexpression
of a fetal gene program that ultimately causes cardiac dysfunction and heart failure. In this study, we show that A-kinase-anchor-
ing protein (AKAP)–Lbc and the inhibitor of NF-�B kinase subunit � (IKK�) form a transduction complex in cardiomyocytes
that controls the production of proinflammatory cytokines mediating cardiomyocyte hypertrophy. In particular, we can show
that activation of IKK� within the AKAP-Lbc complex promotes NF-�B-dependent production of interleukin-6 (IL-6), which in
turn enhances fetal gene expression and cardiomyocyte growth. These findings provide a new mechanistic hypothesis explaining
how hypertrophic signals are coordinated and conveyed to interleukin-mediated transcriptional reprogramming events in
cardiomyocytes.

Ventricular myocyte hypertrophy is the primary response
whereby the heart responds to stress due to hemodynamic

overload, myocardial infarction, or neurohumoral activation (1).
It is associated with a nonmitotic growth of cardiomyocytes, in-
creased organization of myofibers, and the reexpression of an em-
bryonic gene program. These events alter cardiac contractility,
calcium handling, and myocardial energetics and lead to mal-
adaptive changes that, in the long term, reduce cardiac output and
cause heart failure (2, 3).

Most stimuli known to promote cardiomyocyte hypertrophy
activate G protein-coupled receptors (GPCRs), including �1- and
�-adrenergic receptor (ARs), type I angiotensin II receptors (AT1-
Rs), and endothelin I receptors (ET1-Rs) (4–8). It is now clear that
the multiple signaling pathways activated by these receptors con-
verge at a limited number of nuclear transcription factors that
ultimately regulate the expression of genes associated with hyper-
trophy (9). In this context, targeting the signaling complexes co-
ordinating the activity of such transcriptional regulators emerges
as a primary strategy for new therapeutic approaches aimed at
preventing myocardial dysfunction.

The transcription factor NF-�B has recently been recognized
as a mediator of the growth responses induced by a variety of
prohypertrophic agonists (10, 11). Under resting conditions,
NF-�B is retained in the cytosol through an interaction with an
inhibitor called I�B (inhibitor of NF-�B) (12). Upon stimulation,
phosphorylation of I�B by the inhibitor of I�B kinase (IKK) com-
plex, which includes IKK�, IKK�, and a regulatory protein
termed IKK� (12, 13), targets I�B for polyubiquitination and sub-
sequently for its degradation by the 26S proteasome (14). This
permits the translocation of NF-�B to the nucleus, where it can
activate the transcription of target genes.

While it is now clear that inhibition of NF-�B signaling in
cardiomyocytes strongly reduces the hypertrophic responses
activated by neurohumoral and biomechanical stimuli, includ-
ing adrenergic agonists, angiotensin-II (Ang-II), proinflam-
matory cytokines, and aortic banding (15–22), it is currently
poorly understood how prohypertrophic signals controlling
NF-�B transcriptional activity are integrated and coordinated
within cardiomyocytes to promote cardiomyocyte growth.

It has become increasingly clear that anchoring and scaffolding
proteins play a pivotal role in coordinating intracellular signals in
space and time (23, 24). A-kinase-anchoring proteins (AKAPs)
are prototypic examples of proteins that compartmentalize signal-
ing complexes at precise subcellular sites (25). In this context, we
and others have previously characterized a cardiac anchoring pro-
tein, termed AKAP-Lbc, that possesses intrinsic RhoA guanine
nucleotide exchange factor (GEF) activity (26). In cardiomyo-
cytes, AKAP-Lbc activation occurs following stimulation of �1-
ARs through a signaling pathway that requires the � subunit of the
heterotrimeric G protein G12 (26, 27). Silencing AKAP-Lbc ex-
pression in rat neonatal ventricular myocytes (NVMs) strongly
inhibits both �1-AR-mediated RhoA activation and hypertrophic
responses (27, 28). This suggests that this anchoring protein co-
ordinates a transduction pathway activated by the �1-AR that
includes G�12, AKAP-Lbc, and RhoA, which promotes cardio-
myocyte hypertrophy. However, it is currently unknown which
Rho effector molecules mediate the hypertrophic effect of AKAP-
Lbc in cardiomyocytes.

In the present study, we provide evidence that AKAP-Lbc and
IKK� form a signaling complex that efficiently relays signals from
�1-ARs on to NF-�B in rat NVMs. Stimulation of AKAP-Lbc
Rho-GEF activity promotes activation of a transduction pathway
involving RhoA, its effector Rho kinase, and anchored IKK�. In-
terestingly, this newly identified AKAP-Lbc signaling network
promotes NF-�B-dependent production of interleukin-6 (IL-
6), which in turn enhances fetal gene expression and cardiomyo-
cyte growth. These findings indicate that AKAP-Lbc functions
to enhance the efficiency of interleukin-mediated hypertrophic
signaling.
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MATERIALS AND METHODS
Expression constructs. The Flag-IKK�-CMV2, Flag-IKK�-K44M-CMV2,
Flag-I�b�-CMV2, and Flag-I�b�-S34/36A-CMV2 vectors were obtained
from Addgene. The entire IKK� sequence was PCR amplified from the Flag-
IKK�-CMV2 vector using a 5= primer containing the sequence encoding the
hemagglutinin (HA) tag and subcloned at XbaI/HindIII into the pRK5 vector
to generate the HA-IKK�-pRK5 construct. The IKK� fragments encoding
amino acids 1 to 307 and 308 to 756 were PCR amplified from the HA-IKK�-
pRK5 vector and subcloned at BamHI/SalI into the pET30a vector and at
Xba/HindIII into the pRK5 vector to generate protein fragments fused with
the S tag and the HA tag, respectively.

The cDNA encoding the first 55 amino acids of I�b� was PCR ampli-
fied from a mouse heart cDNA library and subcloned at SalI/NotI into
pGEX4T3 vector to generate a protein fragment fused with glutathione
S-transferase (GST).

The Flag-tagged AKAP-Lbc W2328L mutant was generated by stan-
dard PCR-directed mutagenesis using the Flag-AKAP-Lbc vector (29) as a
template. The Flag-tagged AKAP-Lbc S1565A/W2328L double mutant
was generated by excising a Psp1406I/NotI fragment from the Flag-
AKAP-Lbc W2328L vector and by subcloning it into the Flag-AKAP-Lbc
S1565A construct. For rescue experiments, we generated a silencing-re-
sistant mutant of AKAP-Lbc (AKAP-Lbc*) by introducing silent muta-
tions at codons 2151, 2152, and 2154 in the cDNA encoding Flag-AKAP-Lbc
by standard PCR-directed mutagenesis (27). The Flag-tagged silencing-resis-
tant form of the AKAP-Lbc W2328L mutant was generated by excising a
HindIII fragment from the Flag-AKAP-Lbc* vector and by subcloning it into
the Flag-AKAP-Lbc W2328L construct (27).

The AKAP-Lbc W2328L-mCherry construct was generated by excising a
BspEI/HpaI fragment from the Flag-AKAP-Lbc W2328L construct and by
subcloning it into the AKAP-Lbc-mCherry-pcDNA3.1 vector (generous gift
from G. Carnegie, University of Illinois, Chicago). pAB286.1 and pSD28-GFP
lentiviral transfer vectors encoding double-stranded hairpin oligonucleotides
directed against the human or the rat form of AKAP-Lbc as well as vectors
encoding Flag-AKAP-Lbc, AKAP-Lbc S1565A-GFP, GST-AKAP-Lbc-1923-
2336, HA-�1b-AR, and Flag-RhoA N19T were described previously (26,
27, 29).

MS. Three milligrams of protein derived from mouse ventricular ly-
sates prepared as described previously (30) was incubated with 5 �g of
GST or GST-AKAP-Lbc-1388-1922 fragments for 4 h at 4°C. Proteins
associated with the beads were eluted and separated by SDS-PAGE as
indicated above. Proteins were visualized by silver staining and bands
were excised. Proteins were identified by tandem mass spectrometry (MS/
MS) by the proteomic facility of the Faculty of Biology and Medicine of
the University of Lausanne.

Expression and purification of recombinant proteins in bacteria.
The GST fusion proteins of the Rho binding domain (RBD) of rhotekin
and of the AKAP-Lbc fragment encompassing residues 1923 to 2336 were
expressed using the bacterial expression vector pGEX-4T1 in the
BL21(DE3) strain of Escherichia coli and purified. Exponentially growing
bacterial cultures were incubated for 16 h at 16°C with 1 mM isopropyl-
�-D-thiogalactopyranoside (IPTG) and subsequently subjected to centrif-
ugation. Pelleted bacteria were lysed in buffer A (20 mM Tris, pH 7.4, 150
mM NaCl, 5 mM MgCl2, 1% [wt/vol] Triton X-100, 1 �g/ml aprotinin, 2
�g/ml leupeptin, 2 �g/ml pepstatin, 0.1 mM phenylmethylsulfonyl fluo-
ride [PMSF]), sonicated, and centrifuged at 38,000 � g for 30 min at 4°C.
After incubating the supernatants with glutathione-Sepharose beads
(Pharmacia) for 2 h at 4°C, the resin was washed five times with 10 bed
volumes of buffer A and stored at 4°C. Beads containing GST-RBD were
used immediately for the rhotekin RBD pulldown assay.

The His6-tagged fusion protein of the IKK� fragment encompassing
residues 307 to 756 was expressed using the bacterial expression vector
pET30 in BL21(DE3) bacteria and purified. Bacterial extracts containing
His6-tagged fusion proteins were prepared in buffer B (20 mM HEPES,
pH 7.8, 500 mM NaCl, 10 mM imidazole, 1 mM benzamidine, 2 �g/ml
leupeptin, 2 �g/ml pepstatin). After a 1-min sonication, the lysates were

centrifuged at 38,000 � g for 30 min at 4°C. The His6-tagged fusion pro-
teins were purified by incubating the supernatant with nickel-nitrilotri-
acetic acid chelating resin (Amersham Pharmacia Biotech) for 1 h at 4°C.
The resin was then washed 5 times with 10 bed volumes of buffer B and
stored at 4°C. His6-tagged fusion proteins were eluted from the resin with
20 mM HEPES, pH 7.8, 500 mM NaCl, 300 mM imidazole, 1 mM benz-
amidine, 2 �g/ml leupeptin, 2 �g/ml pepstatin for 1 h at room tempera-
ture, dialyzed, and stored at �20°C. The protein content of the eluates was
assessed by Coomassie staining of SDS-PAGE gels.

Cell culture and transfections. HEK293 cells were cultured in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal
calf serum and gentamicin (100 �g/ml) and transfected at 50 to 60%
confluence in 100-mm dishes using the calcium phosphate method. For
the overexpression of constructs containing the full-length AKAP-Lbc,
HEK293 cells were transfected at 80% confluence in 100- or 35-mm dishes
using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s
instructions. After transfection, cells were grown for 48 h in DMEM sup-
plemented with 10% fetal calf serum before harvesting. The total amount
of transfected DNA was 10 to 24 �g/100-mm dish and 1 to 4 �g/35-mm
dish.

Rat NVMs were prepared from 2-day-old Sprague-Dawley rats and
cultured on 25-, 35-, or 100-mm dishes coated with 0.2% gelatin solution
in maintenance medium (80% DMEM, 20% Medium 199, and 1% pen-
icillin-streptomycin solution [Invitrogen]) containing 10% fetal calf se-
rum and 5% horse serum. For luciferase assays, cardiomyocytes were
seeded at 2 � 105 cells/25-mm dish. For indirect immunofluorescence
experiments, cardiomyocytes were seeded on coated glass coverslips at
2 � 105 cells/35-mm well, whereas for immunoprecipitation experiments
cardiomyocytes were seeded at 7 � 106 cells/100-mm dish. Cardiomyo-
cyte culture purity was �95% as assessed by immunocytochemistry using
an anti-�-actinin monoclonal antibody.

Production of lentiviruses. Vesicular stomatitis virus G protein
(VSV-G)-pseudotyped lentiviruses were produced by cotransfecting
293-T cells with 20 �g of the pSD28-GFP or pAB286.1 vector containing
AKAP-Lbc short hairpin RNA (shRNA) cassettes, 15 �g of pCMVDR8.91
(31), and 5 �g of pMD2.VSVG (31) using the calcium phosphate method.
Culture medium was replaced by serum-free DMEM at 12 h after trans-
fection. Cell supernatants were collected 48 h later, filtered through a
0.45-�m filter unit, concentrated using Centricon-Plus-70 MW 100,000
columns (Millipore), and resuspended in PBS. Virus titers were deter-
mined by infecting 293-T cells using serial dilutions of the viral stocks and
by scoring the number of either GFP-positive cells (at 72 h after infection)
or puromycin-resistant clones (at 6 days after infection). Titers deter-
mined using these methods were between 8 � 108 and 1.3 � 109 trans-
ducing units (TU)/ml.

Lentiviral infection. HEK293 cells were infected at 60% confluence
using pAB286.1-based lentiviruses encoding wild-type or mutated AKAP-
Lbc shRNAs at a multiplicity of infection (MOI) of 10 in the presence of 8
�g/ml Polybrene. Two days after infection, puromycin was added to the
culture medium at a final concentration of 2 �g/ml. After 4 days of selec-
tion, puromycin-resistant cells were collected and amplified in selective
medium containing puromycin at a final concentration of 2 �g/ml.

Rat neonatal ventricular cardiomyocytes were infected 24 h after plat-
ing using either pAB286.1- or pSD28-based lentiviruses encoding wild-
type or mutated AKAP-Lbc shRNAs at an MOI of 50 in maintenance
medium containing 5% horse serum and 8 �g/ml of Polybrene. Twenty-
four hours after infection, cardiomyocytes were incubated in mainte-
nance medium for an additional 48 h. For rescue experiments, cardiomy-
ocytes were transfected 24 h after infection with the cDNA encoding the
human forms of Flag-AKAP-Lbc or the Flag-AKAP-Lbc W2328L mutant
using Lipofectamine 2000. Transfection was performed in maintenance
medium containing 5% horse serum in the absence of antibiotics for a
period of 6 h. Cells were then incubated in maintenance medium for an
additional 48 h.
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GST pulldown experiments. For in vitro GST pulldowns, 2 and 10 nM
bacterially purified His6-tagged fragments encompassing residues 307 to
756 of IKK� were incubated with glutathione-Sepharose beads (Amer-
sham Biosciences) coupled to GST or to GST fusion proteins of the
AKAP-Lbc fragment encompassing residues 1388 to 1922 in 0.5 ml of
buffer C (20 mM Tris, pH 7.4, 150 mM NaCl, 1% [wt/vol] Triton X-100,
5 �g/ml aprotinin, 10 �g/ml leupeptin, and 1 mM PMSF) for 4 h at 4°C.
The beads were then washed five times with buffer C containing 500 mM
NaCl, resuspended in SDS-PAGE sample buffer (65 mM Tris, 2% SDS,
5% glycerol, 5% �-mercaptoethanol, pH 6.8), and boiled for 3 min at
95°C. Eluted proteins were analyzed by SDS-PAGE and Western blotting.

For GST pulldown experiments performed from lysates, HEK293 cells
grown in 100-mm dishes were lysed in 1 ml of buffer C and centrifuged at
100,000 � g for 30 min at 4°C. Glutathione-Sepharose beads (Amersham
Biosciences) coupled to the different GST fusion proteins were incubated
with 1.5 mg of proteins derived from the cell lysates in a total volume of 1
ml overnight at 4°C. The beads were then washed five times with buffer C
and the proteins eluted and analyzed as indicated above.

Immunoprecipitation experiments. For immunoprecipitation ex-
periments, HEK293 cells grown in 100-mm dishes and expressing various
constructs were lysed in 1 ml of buffer C. Cell lysates were incubated for 1
h at 4°C on a rotating wheel. The solubilized material was centrifuged at
100,000 � g for 30 min at 4°C, and the supernatants were incubated for 4
h at 4°C with 20 �l of anti-Flag-M2 affinity resin (Sigma) to immunopre-
cipitate overexpressed Flag-tagged proteins. Following a brief centrifuga-
tion on a benchtop centrifuge, the pelleted beads were washed five times
with buffer C and twice with PBS, and proteins were eluted in SDS-PAGE
sample buffer by boiling samples for 3 min at 95°C. Eluted proteins were
analyzed by SDS-PAGE and Western blotting. For immunoprecipitation
of endogenous AKAP-Lbc complexes, rat NVMs were lysed in 1 ml of
buffer D (20 mM HEPES, pH 7.4, 150 mM NaCl, 1% Triton X-100, 0,1%
sodium deoxycholate, 5 �g/ml aprotinin, 10 �g/ml leupeptin, and 1 mM
PMSF). Soluble proteins were isolated by centrifugation as indicated
above and dialyzed overnight in buffer C at 4°C. Immunoprecipitations
were performed by incubating 3 mg of lysate with 4 �g of affinity-purified
rabbit polyclonal anti-AKAP-Lbc antibodies (Covance).

Rhotekin Rho binding domain (RBD) pulldown assay. HEK293 cells
grown in 100-mm dishes were transfected with 8 �g of the cDNA encod-
ing the HA-tagged �1b-AR in the absence or presence of 16 �g of the
cDNAs encoding Flag-AKAP-Lbc or Flag-AKAP-Lbc W2328L. Twenty-
four hours after transfection, cells were incubated in DMEM without
serum for an additional 24 h. Cells were then treated for 15 min with 10�4

M phenylephrine and lysed in RBD lysis buffer (50 mM Tris, pH 7.2, 150
mM NaCl, 1% [wt/vol], Triton X-100, 0.1% sodium deoxycholate, 30
mM MgCl2, 1 mM dithiothreitol [DTT], 10% glycerol, 1 mM benzami-
dine, 10 �g/ml leupeptin, 10 �g/ml aprotinin, 1 mM PMSF). Lysates were
subjected to centrifugation at 38,000 � g for 10 min at 4°C and incubated
with 60 �g of RDB beads for 1 h at 4°C. Beads were then washed three
times with RBD buffer without sodium deoxycholate, resuspended in SDS
sample buffer, and analyzed by SDS-PAGE.

Autospot peptide synthesis. Peptide arrays were synthesized on cel-
lulose paper using an Auto-Spot Robot ASP 222 (AbiMed, Langenfeld,
Germany). After synthesis, the amino termini were acetylated with 2%
acetic acid anhydride in dimethyl formamide. The peptides were then
deprotected by a 1-h treatment with dichloromethane-trifluoroacetic acid
(1:1) solution containing 3% tri-isopropylsilane and 2% water. Arrays
were subsequently washed 5 times in TBS-Tween and used for the overlay
assay.

Solid-phase overlay assay. Peptide arrays were incubated with TBS-
Tween containing 5% (wt/vol) nonfat dry milk and 1% bovine serum
albumin (BSA) for 1 h at room temperature and then with 10 nM His6/
S-tagged IKK�-307-756 fragment in TBS-Tween containing 5% nonfat
dry milk and 0.1% BSA for 16 h at room temperature. After three washes
in TBS-Tween, the blots were incubated for 2 h with horseradish peroxi-
dase (HRP)-conjugated S protein (1:5,000 dilution; Jackson Laboratory)

in TBS-Tween containing 5% (wt/vol) nonfat dry milk. Membranes were
then washed three times in TBS-Tween and subjected to autoradiography.

Luciferase activity assays. HEK293 cells or rat NVMs grown in
25-mm dishes and infected using lentiviruses as indicated above were
transfected with 50 ng of NF-�B-firefly reporter plasmid and 950 ng of the
Renilla-CMV plasmid using Lipofectamine 2000. Luciferase activity was
measured in 20 �l of cell lysates using the dual-luciferase assay (Promega).

IKK� activity assays. Transfected HEK293 cells grown in 100-mm
dishes or rat NVMs grown in 60-mm dishes were lysed in buffer E (20 mM
Tris, pH 7.4, 150 mM NaCl, 1% [wt/vol] Triton X-100, 10 mM NaF, 10
mM Na-pyrophosphate, 1 mM Na-orthovanadate, 1 mM glycerophos-
phate, 5 �g/ml aprotinin, 10 �g/ml leupeptin, and 1 mM PMSF). Cell
lysates were incubated for 10 min at 4°C on a rotating wheel. The solubi-
lized material was centrifuged at 100,000 � g for 30 min at 4°C. Superna-
tants were incubated with 4 �l of rabbit polyclonal anti-IKK� antibodies
(Cell Signaling Technology) and 20 �l of protein A-Sepharose beads (Am-
ersham) for 2 h at 4°C to immunoprecipitate endogenous IKK�. Follow-
ing a centrifugation on a benchtop centrifuge, the pelleted beads were
washed three times with buffer E and twice with a buffer containing 50
mM Tris (pH 7.4) and 5 mM MgCl2. Immunoprecipitates containing
IKK� were incubated with 0.5 �g of purified GST-I�B�-1-55. Reactions
were carried out in 50 mM Tris, pH 7.4, 5 mM MgCl2, and 1 mM ATP-Na2

for 30 min at 30°C and ended by the addition of SDS-PAGE sample buffer
and loaded on SDS-PAGE gels.

SDS-PAGE and Western blotting. Samples denatured in SDS-PAGE
sample buffer were separated on acrylamide gels and electroblotted onto
nitrocellulose membranes. The blots were incubated with primary anti-
bodies and horseradish-conjugated secondary antibodies (Amersham).
The following affinity-purified primary antibodies were used for immu-
noblotting: affinity-purified rabbit polyclonal anti-AKAP-Lbc (0.1 mg/
ml; 1:1,000 dilution; Covance), mouse monoclonal anti-Flag (4.9 mg/ml;
1:2,000 dilution; Sigma), rabbit polyclonal anti-GFP (400 �g/ml; 1:1,000
dilution; Roche), mouse monoclonal anti-HA (1:5,000 dilution; Sigma),
rabbit polyclonal anti-HA (1:1,000 dilution; Sigma), goat polyclonal anti-
GST (1:4,000 dilution; Roche), rabbit polyclonal anti-IKK� (1:1000 dilu-
tion; Cell Signaling Technologies), rabbit polyclonal anti-phospho-I�B�
(serine 32 and serine 34) (1:1,000 dilution; Cell Signaling Technologies),
rabbit polyclonal anti-I�B� (1:1,000 dilution; Cell Signaling Technolo-
gies), mouse monoclonal anti-RhoA (1:250; Santa Cruz Biotechnologies),
mouse monoclonal antiactin (1:1,000 dilution; Sigma), mouse monoclo-
nal anti-histidine tag (100 �g/ml; 1:1,000 dilution; Qiagen), and S pro-
tein-HRP (1:5,000 dilution; Novagen).

Fluorescence microscopy. Infected cardiomyocytes were grown for
24 h in the presence of 5% horse serum and for an additional 48 h in the
absence of serum. Cells were then incubated for 24 h with or without 10�4

M phenylephrine and washed twice with PBS. They were then fixed for 10
min in PBS–3.7% formaldehyde, permeabilized for 5 min with 0.2% (wt/
vol) Triton X-100 in PBS, and blocked for 1 h in PBS–1% BSA. The
expression of �-actinin and Flag-AKAP-Lbc constructs was assessed by
incubating cardiomyocytes for 1 h with a 1:500 dilution of mouse mono-
clonal antibodies against �-actinin (Sigma) and rabbit monoclonal anti-
bodies against the Flag epitope (Sigma), respectively, followed by a 1-h
incubation with rhodamine-conjugated anti-mouse and aminomethyl-
coumarin acetate (AMCA)-conjugated anti-rabbit secondary antibodies
(Jackson ImmunoResearch). The cells were mounted using Prolong (Mo-
lecular Probes). Intrinsic GFP fluorescence and immunofluorescent
staining were visualized using a Zeiss Axiophot fluorescence microscope.

Single-cell real-time PCR. Rat NVMs were infected with control len-
tiviruses encoding GFP or lentiviruses encoding GFP and shRNAs di-
rected against AKAP-Lbc at an MOI of 50. Cells were subsequently trans-
fected with control vectors or plasmids encoding AKAP-Lbc-mCherry or
AKAP-Lbc-W2328L-mCherry. GFP-positive (i.e., lentivirus-infected)
and GFP/mCherry-double-positive (i.e., lentivirus-infected and AKAP-
Lbc-transfected) rat NVMs were sorted by fluorescent-activated cell sort-
ing (FACS). Groups of 10 cells were eluted in 9 �l of lysis buffer (1.2%
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Triton X-100, 10 mM DTT, 1� DNase buffer [Promega]) at 4°C. Lysed
cells were incubated with 5 U of DNase I for 30 min at 37°C. After DNase
I inactivation using a DNA-free kit (Ambion), lysates were submitted to
reverse transcription (RT) using random hexamers and superscript II
reverse transcriptase for 1 h at 37°C. The cDNAs were then preamplified
using a TaqMan PreAmp Master Mix kit (Applied Biosystems) and
TaqMan gene expression assays for the atrial natriuretic factor, �-myosin
heavy chain, interleukin-6, and �2-microglobulin (Applied Biosystems)
for 14 cycles using a 7500 Fast instrument from Applied Biosystems. Fi-
nally, preamplified cDNAs were diluted 1:20 and amplified using the
TaqMan gene expression assays described above for 60 cycles using a 7500
Fast instrument (Applied Biosystems).

Statistical analysis. Statistical significance was analyzed using an anal-
ysis of variance (ANOVA) test followed by Tukey posttests with Bonfer-
roni corrections.

RESULTS
AKAP-Lbc anchors IKK� in cardiomyocytes. To identify novel
AKAP-Lbc-interacting proteins potentially involved in cardio-

myocyte hypertrophy, we initially performed a proteomic screen
for AKAP-Lbc binding partners expressed in cardiac tissues. In
this context, a GST fragment encompassing the GEF domain of
AKAP-Lbc (residues 1922 to 2336) was used as bait in pulldown
experiments using mouse heart lysates. Associated protein com-
plexes were separated by SDS-PAGE and identified by tandem
mass spectrometry (MS/MS). Using this approach, we could iden-
tify peptides from the NF-�B-activating kinase IKK� (Fig. 1A).
Immunoblots using IKK�-specific antibodies confirmed that
IKK� associates with the GST-AKAP-Lbc-1922-2336 fragment
but not with GST (Fig. 1B, top). We next could determine that the
kinase activity of IKK� is not required for this interaction, as
shown by the fact that deletion of the entire kinase domain from
IKK� does not affect the ability of the kinase to coimmunopre-
cipitate with the Flag-AKAP-Lbc-1922-2336 fragment from
HEK293 cells (Fig. 2A, top). In line with these findings, the IKK�-
specific inhibitor BMS-345541 does not influence the ability of

FIG 1 AKAP-Lbc anchors IKK�. (A) Pulldown experiments were performed by incubating GST or the GST-AKAP fragment encompassing residues 1923 to
2336 with mouse heart extracts. Proteins were resolved by SDS-PAGE and silver staining and identified by MS/MS spectrometry. (B) Pulldown experiments were
performed as indicated in panel A. IKK� binding was detected by immunoblotting (IB) (top). GST fusion proteins were visualized by Ponceau S staining
(bottom). (C) GST and the GST-AKAP-Lbc-1923-2336 fragment were used as bait in pulldown experiments with increasing concentrations of the purified
S-tagged 307-756 fragment of IKK�. Binding of the S-tagged IKK� fragment was detected by immunoblotting (top). GST fusion proteins were visualized using
Ponceau S staining (bottom). (D) Lysates from HEK293 cells transfected with HA-IKK� in combination with control vector or the plasmid encoding Flag-
AKAP-Lbc were immunoprecipitated (IP) using anti-Flag antibodies. Proteins in the lysates and immunoprecipitates were identified by immunoblotting using
antibodies against the HA tag or the Flag tag as indicated. (E) Lysates from HEK293 cells transfected with AKAP-Lbc-GFP in combination with control vector or
the plasmid encoding Flag-IKK� were immunoprecipitated using anti-Flag antibodies. Proteins in the lysates and immunoprecipitates were identified by
immunoblotting using antibodies against GFP or the Flag tag as indicated. (F) Rat NVMs were serum starved for 24 h and treated with 10�4 M PE for the indicated
periods of time. Extracts were subsequently subjected to immunoprecipitation with either nonimmune IgGs or affinity-purified anti-AKAP-Lbc antibodies.
Western blots of the immunoprecipitates and the cell extracts were revealed using either anti-IKK� (top) or affinity-purified anti-AKAP-Lbc polyclonal
antibodies (bottom). (G) Rat NVM extracts were subjected to immunoprecipitation as described for panel F. Western blots of the immunoprecipitates and the
cell extracts were revealed using either anti-RhoA monoclonal antibodies (top) or affinity-purified anti-AKAP-Lbc polyclonal antibodies (bottom).
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Flag-AKAP-Lbc-1922-2336 to associate with HA-tagged IKK�
(Fig. 2B, top).

In vitro pulldown assays revealed that AKAP-Lbc and IKK�
associate through a direct interaction, as shown by the fact that
GST–AKAP-Lbc-1922-2336 binds a purified S-tagged C-terminal
fragment of IKK� encompassing residues 307 to 756 (Fig. 1C,
upper, lanes 2 and 3).

To determine whether full-length AKAP-Lbc is able to associ-
ate with IKK�, coimmunoprecipitation experiments were per-
formed from HEK293 cells expressing recombinant Flag-tagged
AKAP-Lbc and HA-tagged IKK�. Our results indicate that HA-

IKK� was copurified with Flag-AKAP-Lbc (Fig. 1D, top). In line
with these findings, reciprocal coimmunoprecipitation experi-
ments revealed that AKAP-Lbc-GFP copurified with Flag-tagged
IKK� (Fig. 1E, upper panel). Finally, this protein-protein inter-
action was validated in rat NVMs when endogenous IKK� was
detected in AKAP-Lbc-immunoprecipitated complexes (Fig. 1F,
upper panel, lane 3). The ability of AKAP-Lbc to coimmuno-
precipitate with IKK� is detected in serum-starved cardiomy-
ocytes and is not affected by stimulation of cells with 10�4 M
phenylephrine (PE), suggesting that AKAP-Lbc and IKK� in-
teract in a constitutive manner (Fig. 1F, upper panel, lanes 6
and 9). Collectively these findings indicate that AKAP-Lbc rep-
resents a novel cardiac IKK�-anchoring protein.

Mapping studies next were used to define the interactive sur-
face on AKAP-Lbc. We initially assessed the ability of HA-IKK� to
coimmunoprecipitate with a family of six consecutive Flag-tagged
AKAP-Lbc fragments encompassing the entire AKAP-Lbc se-
quence (Fig. 3A). Our results indicate that interaction occurs only
with a region included between residues 1923 and 2336 containing
the Dbl homology (DH) and pleckstrin homology (PH) domains,
suggesting that the GEF module represents the only IKK� binding
region on the anchoring protein (Fig. 3B, top). To precisely iden-
tify the IKK� interaction site(s) on AKAP-Lbc, a purified S-tagged
fragment of IKK� encompassing residues 307 to 756 was used as a
probe to screen a solid-phase peptide array of overlapping 21-
residue peptides (each displaced by three amino acids) spanning
the AKAP-Lbc region between residues 1923 and 2348 (Fig. 3C).
Binding of the S-tagged IKK� fragment was detected using HRP-
conjugated S protein. Specific binding was detected at two sites
between residues 2190 and 2107 and residues 2322 and 2336 of
AKAP-Lbc (Fig. 3C). The first site is located within the last �-helix
of the DH domain and contributes only modestly to the total
IKK� binding, whereas the second site corresponds to an �-helical
region located at the end of the PH domain and represents the
main IKK� binding site (Fig. 3C). In line with these findings,
mutation of tryptophan 2328, located in the middle of the second
binding site, to leucine strongly impaired the ability of Flag-tagged
AKAP-Lbc to associate with endogenous IKK� in HEK293 cell
lysates, as assessed by coimmunoprecipitation (Fig. 3D, top).
Tryptophan was mutated to a leucine in order to suppress the
aromatic properties of the side chain while preserving the hydro-
phobic character. In conclusion, our mapping analysis indicates
that the region included between residues 2322 and 2336 of
AKAP-Lbc represents the main anchoring site for IKK�.

The AKAP-Lbc/IKK� complex mediates �1-AR-induced
NF-�B activation in cardiomyocytes. We have previously shown
that AKAP-Lbc integrates signals from �1-ARs (27, 28, 32). Based
on these findings, we raised the hypothesis that AKAP-Lbc,
through the recruitment of IKK�, could mediate �1-AR-induced
activation of NF-�B. To address this question, we used RNA in-
terference to determine whether reduced expression of AKAP-Lbc
perturbed the ability of �1b-ARs to promote NF-�B transcrip-
tional activity in HEK293 cells. Short hairpin RNAs (shRNAs)
specific to AKAP-Lbc or control shRNAs were delivered into
HEK293 cells using lentiviral vectors (27). Gene silencing was
confirmed upon immunoblot analysis of cell lysates using AKAP-
Lbc-specific antibodies (Fig. 4B, upper). Infected cells were trans-
fected with empty vector or the plasmid encoding the HA-tagged
�1b-AR in combination with NF-�B–luciferase and Renilla lucif-
erase reporter constructs. After a 24-h serum starvation, cells were

FIG 2 Interaction between AKAP-Lbc and IKK� does not require IKK� ki-
nase activity. (A) HEK293 cells were transfected with HA-IKK�-1-307, HA-
IKK�-308-756, and HA-IKK� in combination with the empty pFlag vector or
the plasmid carrying the Flag-tagged fragment of AKAP-Lbc encompassing
residues 1388 to 1922. Cell lysates were subjected to immunoprecipitation
with anti-Flag antibodies. Western blots of the immunoprecipitates and of the
cell extracts were revealed using anti-HA polyclonal antibodies to detect HA-
IKK� (top and middle) or anti-Flag monoclonal antibodies to detect the Flag-
1388-1922 fragment of AKAP-Lbc (bottom). (B) HEK293 cells were trans-
fected with HA-tagged IKK� in combination with either empty vector or the
plasmid carrying the Flag-tagged fragment of AKAP-Lbc encompassing resi-
dues 1923 to 2336. Forty-eight hours after transfection, cells were incubated
for 8 h in the absence or presence of 10 �M BMS-345541 and subsequently
lysed. Cell lysates were subjected to immunoprecipitation with anti-Flag anti-
bodies. Western blots of the immunoprecipitates and of the cell extracts were
revealed using anti-HA polyclonal antibodies to detect HA-IKK� (top and
middle) or anti-Flag monoclonal antibodies to detect the Flag-1923-2336 frag-
ment (bottom).
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incubated for 8 h in the absence or presence of 10�4 M epineph-
rine (EPI), and NF-�B transcriptional activity was assessed with
the luciferase reporter assay. Our results indicate that AKAP-Lbc
silencing impairs by 57% the ability of �1b-ARs to induce NF-�B
activation following epinephrine stimulation (Fig. 4A). The inhib-
itory effect due to silencing was totally reversed when HEK293
cells were rescued with a silencing-resistant form of AKAP-Lbc
(Fig. 4A). Importantly, this was not observed when cells were res-
cued with the AKAP-Lbc W2328L mutant that cannot anchor
IKK� (Fig. 4A).

In a similar set of experiments, we could show that the ability of
�1b-ARs to induce IKK� activation is severely compromised in
AKAP-Lbc-silenced cells, as assessed using a kinase assay that
measured the ability of immunoprecipitated endogenous IKK� to
induce the phosphorylation of a purified GST-fused protein frag-
ment encompassing the first 55 amino acids of I�B�. Rescuing
HEK293 cells with AKAP-Lbc, but not with its W2328L mutant,
fully restored the ability of �1b-AR-induced IKK� activation

(Fig. 5A, top, and B). Collectively, these findings suggest that the
inhibition of the IKK�-NF-�B pathway induced by AKAP-Lbc
silencing is strictly dependent on reduced AKAP-Lbc expression
and not due to an off-target effect, and that the ability of �1b-AR
to induce IKK� activity and NF-�B activation requires the integ-
rity of the AKAP-Lbc/IKK� complex.

In line with these results, we showed that mutation of trypto-
phan 2328 strongly reduces the ability of a mutant form of AKAP-
Lbc displaying constitutive Rho-GEF activity (AKAP-Lbc
S1565A) (29, 33) to induce IKK� activation when overexpressed
in HEK293 cells (Fig. 5C, top, and D).

Importantly, AKAP-Lbc also mediates NF-�B activation in
cardiomyocytes, as shown by the fact that silencing of AKAP-Lbc
expression in primary cultures of rat NVMs using two indepen-
dent shRNAs reduced phenylephrine (PE)-induced NF-�B tran-
scriptional activity by 60 to 65% (Fig. 4C). No inhibition of NF-�B
activation was observed in cells infected with control lentiviruses
encoding the mutated AKAP-Lbc shRNA (Fig. 4C).

FIG 3 Mapping of the IKK� binding site(s) on AKAP-Lbc. (A) Schematic representation of the protein domain organization of AKAP-Lbc. The PKA binding
domain (PKA), the PKN- and PKD-interacting region, and the Dbl (DH) and pleckstrin (PH) homology domains are shown. (B) HEK293 cells were transfected
with HA-tagged IKK� in combination with Flag-tagged fragments of AKAP-Lbc encompassing residues 1 to 503, 504 to 1000, 1001 to 1387, 1388 to 1922, 1923
to 2336, and 2337 to 2817. Cell lysates were subjected to immunoprecipitation with anti-Flag antibodies. Western blots of the immunoprecipitates and of the cell
extracts were revealed using anti-HA polyclonal antibodies to detect HA-IKK� (top and middle) or anti-Flag monoclonal antibodies to detect the Flag-tagged
AKAP-Lbc fragments (bottom). (C) Peptide array analysis of the IKK� binding region on AKAP-Lbc. The array was incubated with 10 nM S-tagged IKK�-307-
756 fragment. Solid-phase binding was assessed using HRP-conjugated S protein. The IKK� binding peptides are numbered. (D) HEK293 cell lysates transfected
with control vector or plasmids encoding Flag-AKAP-Lbc or Flag-AKAP-Lbc W2328L were immunoprecipitated using anti-Flag antibodies. Proteins in the
extracts and immunoprecipitates were identified by immunoblotting using antibodies against IKK� or the Flag tag, as indicated. Data are representative of three
independent experiments.
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NF-�B is maintained in an inactive conformation in the cyto-
plasm through an interaction with its inhibitor, I�B. Upon acti-
vation, IKK� directly phosphorylates I�B on serines 32 and 36.
This targets I�B for polyubiquitination and degradation by the
26S proteasome, which permits the translocation of NF-�B to the
nucleus (14). In this context, our results indicate that treatment of
rat NVMs with 10�4 M PE induces a transient degradation of
endogenous I�B� as assessed by immunoblotting (Fig. 4E). The
expression of I�B� is reduced by 50% at 15 min after stimulation
and is totally recovered at 45 min after stimulation due to the
newly synthesized I�B� (Fig. 4E, top). Interestingly, AKAP-Lbc
silencing reduced by 61 to 64% the ability of PE to induce I�B�
degradation (Fig. 4F, top, lanes 4 and 6, and G), confirming the
notion that the AKAP-Lbc/IKK� complex mediates �1b-AR-in-
duced NF-�B activation in cardiomyocytes through the regula-
tion of I�B� degradation. In control experiments, no inhibition of
I�B� degradation was observed in cells infected with control len-

tiviruses encoding the mutated AKAP-Lbc shRNA (Fig. 4F, top,
lane 8, and G).

AKAP-Lbc promotes the activation of IKK� through an
RhoA-Rho kinase pathway. Previous findings indicate that Rho
kinase, a direct effector of RhoA, can activate IKK� (34). Knowing
that AKAP-Lbc is a guanine nucleotide exchange factor that can
directly activate RhoA, we investigated the possibility that AKAP-
Lbc stimulates NF-�B signaling through an RhoA-Rho kinase-
IKK�-dependent pathway. In agreement with our hypothesis,
inhibition of RhoA, Rho kinase, IKK�, or NF-�B using a domi-
nant-negative mutant of RhoA (RhoA T19N), the Rho kinase-
specific inhibitor Y-27362, a dominant-negative mutant of IKK�,
or the I�B� (32Ala/36Ala) mutant (14) (which functions as a su-
persuppressor of NF-�B activation), respectively, significantly re-
duced the transcriptional activation of NF-�B induced by the
overexpression of the AKAP-Lbc S1565A mutant (Fig. 6A).

Previous findings have shown that AKAP-Lbc interacts with

FIG 4 AKAP-Lbc-IKK� complex mediates �1-AR-induced NF-�B activation in cardiomyocytes. (A) HEK293 cells were infected using control lentiviruses or
lentiviruses encoding AKAP-Lbc shRNAs and subsequently transfected with NF-�B–luciferase and Renilla luciferase reporter constructs in combination with
either control vector (no receptor), the vector encoding the HA-tagged �1b-AR alone, or the vector encoding the HA-tagged �1b-AR together with the plasmids
encoding the silencing-resistant mutants of AKAP-Lbc (AKAP-Lbc*) or AKAP-Lbc W2328L (AKAP-Lbc* W2328L). After a 24-h serum starvation, cells were
treated with epinephrine (EPI) for 8 h or left untreated. Firefly luciferase activity was normalized to Renilla luciferase activity. Results are the means 	 standard
errors (SE) from 4 to 10 independent experiments. *, P 
 0.05. (B) Expression of AKAP-Lbc, HA-�1b-AR, and actin in the lysates was assessed by Western blotting
using specific antibodies as indicated. (C) Rat NVMs were infected using control lentiviruses or lentiviruses encoding wild-type or mutated AKAP-Lbc shRNAs
and subsequently transfected with NF-�B–luciferase and Renilla luciferase reporter constructs. Seventy-two hours after infection, cells were incubated for 8 h in
the absence or presence of 10�4 M PE. Firefly luciferase activity was normalized to Renilla luciferase activity. Results are the means 	 SE from five independent
experiments. *, P 
 0.05. (D) Expression of AKAP-Lbc and actin in the lysates was assessed by Western blotting using specific antibodies as indicated. (E) Rat
NVMs were serum starved for 24 h and subsequently treated with 10�4 M PE for the indicated periods of time. Expression of I�B� and actin in the lysates was
assessed by Western blotting using specific antibodies as indicated. (F) Rat NVMs were infected as indicated in panel C. Seventy-two hours after infection, cells
were incubated for 15 min in the absence or presence of 10�4 M PE. Expression of I�B�, AKAP-Lbc, and actin in the lysates was assessed by Western blotting using
specific antibodies as indicated. (G) Quantitative analysis of the expression of I�B� in the cell lysates was obtained by densitometry. Untr., untreated. The amount
of I�B� was normalized to the actin content of cell extracts. Results are the means 	 SE from four independent experiments. *, P 
 0.05.
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several kinases, including PKC�, p38�, and MEK1, that also could
modulate NF-�B signaling (28, 32, 35). Importantly, control ex-
periments revealed that inhibition of these kinases using the spe-
cific inhibitors RO318220, SB203580, and PD098059, respec-
tively, did not affect in a significant manner AKAP-Lbc-mediated
NF-�B activation (Fig. 6A). These findings suggest that RhoA,
Rho kinase, and IKK� mediate NF-�B activation downstream of
AKAP-Lbc.

To provide a formal demonstration that the RhoA/Rho kinase
pathway links AKAP-Lbc to the activation of IKK�, we deter-
mined whether overexpression of the GFP-tagged AKAP-Lbc
S1565A active mutant in HEK293 could enhance the activity of
endogenous IKK� and whether this effect could be reduced by the
inhibition of RhoA and Rho kinase. IKK� activity was determined
using a kinase assay that measured the ability of immunoprecipi-
tated endogenous IKK� to induce the phosphorylation of a puri-

FIG 5 Formation of the AKAP-Lbc/IKK� complex is required for AKAP-Lbc-mediated IKK� activation. (A) HEK293 cells were infected using control
lentiviruses or lentiviruses carrying AKAP-Lbc shRNAs and subsequently transfected with either the vector encoding the HA-tagged �1b-AR alone or the vector
encoding the HA-tagged �1b-AR together with the plasmids encoding the silencing resistant mutants of AKAP-Lbc (AKAP-Lbc*) or AKAP-Lbc W2328L
(AKAP-Lbc* W2328L). After a 24-h serum starvation, cells were treated with phenylephrine (PE) for 15 min or left untreated. IKK� immunocomplexes were
isolated from cell extracts and incubated with GST-I�B�-1-55 and ATP. Phospho-GST-I�B�-1-55 was detected by immunoblotting using anti-phosphoserine
32/34-specific antibodies (top). (B) Quantitative analysis of phosphorylated GST-I�B�-1-55 was obtained by densitometry. The amount of phospho-GST-I�B�-
1-55 was normalized to the total amount of GST-I�B�-1-55 and IKK�. Results are expressed as means 	 SE from 3 experiments. *, P 
 0.05. The amounts of
GST-I�B�-1-55, IKK�, and Flag-AKAP-Lbc constructs and HA-�1b-AR were detected by Western blotting using specific antibodies as indicated. (C) HEK293
cells were transfected with the empty pFlag vector or the plasmids encoding Flag-AKAP-Lbc-S1565A or Flag-AKAP-Lbc-S1565A/W2328L. After a 24-h serum
starvation, IKK� immunocomplexes were isolated from cell extracts and used to phosphorylate purified GST-I�B�-1-55 as indicated for panel A. (D) Quanti-
tative analysis of phosphorylated GST-I�B�-1-55 was obtained as indicated for panel B. Results are expressed as means 	 SE from 4 experiments. *, P 
 0.05.
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fied GST-fused protein fragment encompassing the first 55 amino
acids of I�B�. Interestingly, inhibition of both RhoA and Rho
kinase impaired by 58 and 69%, respectively, the ability of AKAP-
Lbc to induce IKK� activation (Fig. 6C, row 1, lanes 5 and 6, and
D). In line with these findings, the ability of PE to stimulate IKK�
activity in rat NVMs was reduced by 65 and 70% by the silencing
of AKAP-Lbc expression and by the inhibition of Rho kinase using
Y27632, respectively (Fig. 6E, top, lanes 4 and 8, and F). In control
experiments, no inhibition of IKK� activity was observed in rat
NVMs infected with control lentiviruses carrying the mutated
AKAP-Lbc shRNA (Fig. 6E, upper, lane 6, and F).

Collectively, these findings suggest that the AKAP-Lbc/RhoA/
Rho kinase pathway mediates �1-AR-induced IKK� activation in
cardiomyocytes.

The AKAP-Lbc/IKK� complex mediates �1-AR-induced
cardiomyocyte hypertrophy. Several lines of evidence indicate

that the transcription factor NF-�B is a crucial mediator of cardi-
omyocyte hypertrophy (11, 16, 20). While it is now clear that
NF-�B can be activated by a variety of GPCRs, including �1-ARs,
AT1-Rs, and ET-1-Rs, the signaling complexes that integrate hy-
pertrophic signals from these receptors to coordinate the activa-
tion of NF-�B are poorly characterized.

Based on these results and on our present findings indicating
that the AKAP-Lbc/IKK� complex mediates �1-AR-induced
NF-�B activation in cardiomyocytes, we investigated the possibil-
ity that this complex controls the transduction of hypertrophic
signals downstream of �1-ARs. To address this question, we per-
formed experiments that combined silencing of the endogenous
anchoring protein in rat NVMs and rescue with human AKAP-
Lbc forms that are refractory to the shRNA (27). Rat NVMs in-
fected using control lentiviruses expressing GFP or with lentivi-
ruses encoding GFP and AKAP-Lbc shRNAs were subsequently

FIG 6 AKAP-Lbc promotes the activation of IKK� through a RhoA-Rho kinase-dependent pathway. (A) HEK293 cells were transfected with NF-�B–luciferase
and Renilla luciferase reporter constructs in combination with either control vector, the plasmid encoding Flag-AKAP-Lbc S1565A, or the plasmid encoding
Flag-AKAP-Lbc S1565A together with the cDNAs encoding the Flag-tagged dominant-negative (DN) mutants of RhoA, IKK�, or I�B�. After a 24-h serum
starvation, cells were incubated in the absence or presence of 10 �M Y27632, RO318220, SB203580, and PD98059 for 8 h. Firefly luciferase activity was
normalized to Renilla luciferase activity. Results are the means 	 SE from 4 to 10 independent experiments. *, P 
 0.05. (B) Expression of Flag-AKAP-Lbc and
the Flag-tagged dominant-negative (DN) mutants of RhoA, IKK�, and I�B� in the lysates was assessed by Western blotting using specific antibodies as indicated.
(C) HEK293 cells were transfected with the vectors encoding GFP or AKAP-Lbc-S1565A-GFP in combination with the cDNAs encoding the empty Flag vector
or the plasmid encoding the Flag-RhoA DN mutant. After a 24-h serum starvation, cells were incubated for 2 h with or without 10 �M Y27632. IKK�
immunocomplexes were isolated from cell extracts and incubated with GST-I�B�-1-55 and ATP. Phospho-GST-I�B�-1-55 was detected by immunoblotting
using anti-phosphoserine 32/34-specific antibodies (top). The amounts of GST-I�B�-1-55, IKK�, Flag-RhoA DN, AKAP-Lbc-S1565A-GFP, and GFP were
detected by Western blotting using specific antibodies as indicated. (D) Quantitative analysis of phosphorylated GST-I�B�-1-55 was obtained by densitometry.
The amount of phospho-GST-I�B�-1-55 was normalized to the total amount of GST-I�B�-1-55 and IKK�. Results are expressed as means 	 SE from 3 different
experiments. *, P 
 0.05. (E) Rat NVMs were infected using control lentiviruses or lentiviruses carrying wild-type or mutated AKAP-Lbc shRNAs. Ninety-six
hours after infection, cells were incubated for 15 min in the absence or presence of 10�4 M PE. Endogenous IKK� was immunoprecipitated, and its kinase activity
was determined as indicated for panel C. Expression of AKAP-Lbc was assessed using specific antibodies. (F) Quantitative analysis of phosphorylated GST-
I�B�-1-55 was obtained as indicated for panel D. *, P 
 0.05.
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transfected with the cDNA encoding the Flag-tagged form of
AKAP-Lbc or AKAP-Lbc W2328L, which is unable to anchor
IKK�. Cells were stimulated for 24 h with 10�4 M PE, and induc-
tion of cardiomyocytes was hypertrophically assessed by measur-
ing cell size as well as sarcomere assembly and reorganization.
Silencing of AKAP-Lbc expression reduced by 61% the PE-in-
duced increase in cardiomyocyte surface area compared to that of
NVMs infected with control lentiviruses (Fig. 7 and 8). This effect
was associated with an inhibition of PE-induced sarcomere reor-
ganization as visualized by staining cardiomyocytes using anti-
bodies against �-actinin and the Z-disk-associated protein ZASP,
respectively (Fig. 7). Interestingly, rescue with wild-type AKAP-
Lbc completely restored �1-AR-mediated hypertrophy and sar-
comere reorganization, whereas rescue with the AKAP-Lbc
W2328L mutant did not (Fig. 7 and 8). These findings are consis-
tent with the idea that the anchoring of IKK� to AKAP-Lbc is re-
quired for transducing hypertrophic signals downstream of �1-ARs.

It has been shown previously that the PH domain of AKAP-Lbc
also contributes to the regulation of the GEF activity of the an-
choring protein (36) and to the recruitment of PKC� (28). We
therefore determined the impact of the W2328L mutation on the
ability of AKAP-Lbc to activate RhoA and bind PKC�. In this
respect, control experiments revealed that the W2328L mutation
does not alter the ability of �1-AR to promote AKAP-Lbc Rho-
GEF activity, as shown using the rhotekin pulldown assay (Fig. 9A,
top), or the capacity of AKAP-Lbc to recruit PKC�, as assessed by

coimmunoprecipitation (Fig. 9B, top). This indicates that the
�-helix encompassing residues 2320 to 2338 is selectively involved
in binding IKK�, and that the impact of the W2328L mutation on
the hypertrophic responses induced by AKAP-Lbc is the conse-
quence of an impaired IKK� anchoring and not of additional
nonspecific effects of the mutation.

FIG 7 AKAP-Lbc-IKK� complex mediates �1-AR-induced cardiomyocyte hypertrophy and sarcomere reorganization. Rat NVMs were infected with lentivi-
ruses carrying GFP (control) or both GFP and AKAP-Lbc shRNAs and subsequently transfected with the empty Flag vector or the cDNAs encoding human
AKAP-Lbc and AKAP-Lbc W2328L. Forty-eight hours after transfection, cells were incubated for 24 h with 10�4 M PE. Cells were then fixed, permeabilized, and
incubated with mouse anti-�-actinin (A) or anti-ZASP (B) antibodies followed by rhodamine-conjugated donkey anti-mouse secondary antibodies to visualize
the sarcomeres. The expression of Flag-AKAP-Lbc was detected using rabbit anti-Flag polyclonal antibodies and AMCA-conjugated donkey anti-rabbit second-
ary antibodies, whereas GFP expression was visualized directly by fluorescent excitation at 490 nm.

FIG 8 Quantitation of the hypertrophic effect mediated by the AKAP-Lbc-
IKK� complex. Mean cell surface area (	SE) of cardiomyocytes infected and
transfected as indicated in Fig. 7 and treated for 24 h with or without 10�4 M
PE. The cell surface area was determined on a total of 150 to 200 GFP-positive
cardiomyocytes derived from 6 independent experiments. *, P 
 0.05.
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Recent evidence suggests that �1-ARs can promote IL-6 ex-
pression in cardiomyocytes through NF-�B-mediated transcrip-
tion (37), and that IL-6 can induce hypertrophy when infused in
adult rats (38). This raises the possibility that IL-6 contributes to
the growth responses induced by �1-ARs. To test this hypothesis,
we determined the impact of inhibiting IL-6 using neutralizing
antibodies on the ability of �1-ARs to promote fetal gene tran-
scription. As shown in Fig. 10A, incubation of rat NVMs with IL-6
neutralizing antibodies reduced PE-induced transcription of
atrial natriuretic factor (ANF) and �-myosin heavy chain (�-
MHC) by 54 and 60%, respectively, suggesting that IL-6 repre-
sents a key mediator of the hypertrophic responses induced by
�1-ARs.

Based on these results, we next determined whether the AKAP-
Lbc/IKK� complex could control the transcription of IL-6 and the
subsequent induction of hypertrophic genes in response to �1-AR
activation. To address this point, rat NVMs were infected with
lentiviruses encoding AKAP-Lbc shRNAs and GFP and were sub-
sequently transfected with the plasmids encoding mCherry fusion
protein of AKAP-Lbc or AKAP-Lbc W2328L. After 24 h of stim-
ulation with 10�4 M PE, GFP-positive and GFP/mCherry-double-
positive cardiomyocytes were sorted by FACS, and hypertrophic
gene expression was determined by real-time PCR. Our results
indicate that AKAP-Lbc silencing strongly inhibits PE-mediated
induction of IL-6, ANF, and �-MHC (Fig. 10B). Interestingly,
while rescue with wild-type AKAP-Lbc fully restored �1-AR-me-
diated transcription of IL-6 and fetal genes, rescue with the AKAP-
Lbc W2328L mutant did not (Fig. 10B). Collectively, these find-
ings strongly suggest that the AKAP-Lbc/IKK� complex plays a
crucial role in mediating �1-AR-induced transcription of the pro-
hypertrophic cytokine IL-6 and activation of the hypertrophic
gene program.

DISCUSSION

During the last few years, several studies using rat NVMs as a
model system have shown that NF-�B is required for the hyper-
trophic effects induced by numerous GPCR agonists, including
catecholamines, Ang-II, and ET-1 (15, 17, 19). Moreover, in vivo
studies confirmed that inhibition of NF-�B signaling significantly
reduces cardiac hypertrophy induced by chronic infusion of
GPCR agonist, pressure overload, and myocardial infarction (16,
20–22, 39). While NF-�B is now recognized as a key transcrip-
tion factor mediating cardiac hypertrophy and remodeling, it is
currently poorly understood how hypertrophic signals ema-
nating from membrane receptors are integrated and transmit-
ted to NF-�B.

In the present study, we demonstrate that the RhoA-selective
exchange factor AKAP-Lbc forms a complex with the kinase
IKK�, which transduces hypertrophic signals from �1-ARs down
to NF-�B (Fig. 11). We previously showed that AKAP-Lbc Rho-
GEF activity is enhanced in response to �1-AR stimulation
through a pathway that requires G�12 (27). Our current data now
support a model where activated AKAP-Lbc promotes the forma-
tion of RhoA-GTP and the activation of Rho kinase, which, in
turn, enhances the activity of anchored IKK� (Fig. 11). This leads
to the phosphorylation and degradation of I�B� and to the acti-
vation of NF-�B. Finally, activated NF-�B induces the transcrip-
tion of the IL-6 gene and the subsequent stimulation of IL-6-
mediated pathways controlling fetal gene transcription and
cardiomyocyte hypertrophy (Fig. 11). Overall, these findings pro-

FIG 9 AKAP-Lbc and the AKAP-Lbc W2328L mutant display similar
RhoA-activating and PKC� binding properties. (A) HEK293 cells were
transfected with the HA-tagged �1b-AR in combination with either empty
vector or the plasmids encoding the Flag-tagged forms of AKAP-Lbc or
AKAP-Lbc W2328L. After a 24-h serum starvation, cells were treated with
10�4 M PE for 15 min or left untreated. Cell lysates were incubated with
GST-RBD beads. The bound RhoA was detected with a monoclonal anti-
RhoA antibody (top). The relative amounts of total RhoA, HA-�1b-AR,
and Flag-AKAP-Lbc proteins in the cell lysates were assessed by Western
blotting as indicated. Results are representative of three independent ex-
periments. (B) HEK293 cells were transfected with the empty Flag vector or
the plasmids encoding the Flag-tagged forms of AKAP-Lbc or AKAP-Lbc
W2328L. Cell lysates were subjected to immunoprecipitation with anti-
Flag antibodies. Western blots of the immunoprecipitates and of the cell
extracts were revealed using anti-PKC� polyclonal antibodies to detect
endogenous PKC� (top and middle) or anti-Flag monoclonal antibodies to
detect the Flag-tagged AKAP-Lbc proteins (bottom). Results are represen-
tative of three independent experiments.
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vide a new mechanistic hypothesis explaining how anchoring pro-
teins convey hypertrophic signals to interleukin-mediated tran-
scriptional reprogramming events in cardiomyocytes.

Intriguingly, no NF-�B-responsive elements have been identi-
fied in the promoter regions of genes associated with cardiomyo-
cyte hypertrophy. Therefore, it was postulated that NF-�B medi-
ates its growth-promoting effects through indirect mechanisms.
In this context, it has been recently shown that, in rat NVMs,
NF-�B can activate the transcription of the IL-6 gene in response
to �1-AR stimulation (37). Our results now indicate that the
AKAP-Lbc/IKK� complex functions as a key mediator of �1-
AR-mediated NF-�B activation and IL-6 transcription (Fig. 4 and
10B) and that inhibition of IL-6 significantly impairs the hyper-

trophic responses induced by �1-ARs (Fig. 10A). Therefore, it
appears that NF-�B can regulate cardiomyocyte hypertrophy at
least in part through the regulation of IL-6 production. These
findings provide a molecular explanation to previous observa-
tions showing that IL-6 can mediate cardiac hypertrophy when
infused in adult rats (38).

Recent findings indicate that NF-�B can exert part of its hyper-
trophic effects through a physical interaction with the transcrip-
tion factor NFAT (39). This suggests that NF-�B can control car-
diomyocyte growth by directly influencing the activity and
nuclear shuttling of prohypertrophic transcription factors (39)
and, as shown here, by enhancing the transcription of the prohy-
pertrophic cytokine IL-6 (Fig. 10A).

Our current findings indicate that AKAP-Lbc mediates the ac-
tivation of anchored IKK� through RhoA and Rho kinase (Fig. 6).
This raises the question of whether these signaling proteins can
also form a complex with AKAP-Lbc. While we can show that
AKAP-Lbc and RhoA can coimmunoprecipitate from rat NVMs
(Fig. 1G, upper), we were not able to detect Rho kinase in AKAP-
Lbc immunoprecipitates (data not shown). This suggests that Rho
kinase is not physically associated with the complex. In this situ-
ation, the transduction of signals from activated RhoA and AKAP-
Lbc-anchored IKK� might be mediated by a local pool of Rho
kinase that could be maintained in the vicinity of the AKAP-Lbc
complex. Alternatively, the interaction between endogenous
AKAP-Lbc and Rho kinase might be too labile or transient to be
detected by coimmunoprecipitation.

In addition to the RhoA-Rho kinase-IKK� pathway described
here, other signaling cascades coordinated by AKAP-Lbc have
been shown to play a role in the hypertrophic responses induced
by �1-ARs. In fact, it has been recently shown that AKAP-Lbc can
also assemble a signaling complex involved in protein kinase D
(PKD) activation (40). Activated PKD is released from the AKAP-
Lbc complex and translocates to the nucleus, where it phospho-
rylates histone deacetylase 5 (HDAC5). This promotes HDAC5

FIG 10 �1-ARs induce hypertrophic gene transcription through the AKAP-Lbc-IKK� complex and IL-6. (A) Real-time PCR analysis of ANF and �-MHC
expression was performed on total RNA preparations obtained from NVMs that were serum starved for 48 h and subsequently incubated for 24 h in the absence
or presence of 10�4 M PE and IL-6 neutralizing antibodies (IL-6 Ab). Results are expressed as means 	 SE from eight independent experiments. *, P 
 0.05. (B)
Single-cell real-time PCR analysis of ANF, �-MHC, and IL-6 expression was performed on total RNA preparations obtained from FACS-sorted NVMs that were
infected as indicated in the legend to Fig. 5A and subsequently transfected with rescue constructs encoding mCherry-tagged AKAP-Lbc or AKAP-Lbc W2328L.
Results are expressed as means 	 SE from six independent experiments. *, P 
 0.05.

FIG 11 Model showing the role of the AKAP-Lbc–IKK� complex in the reg-
ulation of cardiomyocyte hypertrophy through the NF-�B–IL-6 signaling net-
work. See the text for details.
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nuclear export, which favors chromatin-remodeling events that
were proposed to enhance transcriptional activation of hypertro-
phic genes (28).

Interestingly, interfering with the ability of AKAP-Lbc to inter-
act with PKD impairs the ability of �1-ARs to promote cardiomyo-
cyte hypertrophy (28). This suggests that, taken individually, the
IKK�- and PKD-mediated transduction cascades organized by
the AKAP-Lbc complex are both necessary but are not sufficient to
mediate the growth response to PE. One possibility is that activa-
tion of the hypertrophic response requires both chromatin dere-
pression through PKD-mediated HDAC5 nuclear export and ac-
tivation of hypertrophic gene transcription through NF-�B
activation.

Overall, these findings highlight the importance of AKAP-
based signaling complexes in the regulation of NF-�B (41) and
interleukin-mediated hypertrophic signaling. Based on these re-
sults, one could speculate that targeting the binding interface be-
tween AKAP-Lbc and IKK� represents an approach to attenuate
cardiomyocyte hypertrophy.

In conclusion, the implications of our findings are 2-fold. First,
they identify the AKAP-Lbc/IKK� activation complex as a crucial
mediator of NF-�B activation and IL-6 transcription in cardio-
myocytes. Second, they identify AKAP-Lbc-mediated IL-6 tran-
scription as a key event controlling cardiomyocyte hypertrophy.
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