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The mitogen-activated protein kinases (MAPKs) pathways
are highly organized signaling systems that transduce extracel-
lular signals into a variety of intracellular responses. In this
context, it is currently poorly understoodhowkinases constitut-
ing these signaling cascades are assembled and activated in
response to receptor stimulation to generate specific cellular
responses. Here, we show that AKAP-Lbc, an A-kinase anchor-
ing protein (AKAP) with an intrinsic Rho-specific guanine
nucleotide exchange factor activity, is critically involved in the
activation of the p38� MAPK downstream of �1b-adrenergic
receptors (�1b-ARs). Our results indicate that AKAP-Lbc can
assemble a novel transduction complex containing the RhoA
effector PKN�, MLTK, MKK3, and p38�, which integrates sig-
nals from �1b-ARs to promote RhoA-dependent activation of
p38�. In particular, silencing of AKAP-Lbc expression or dis-
rupting the formationof theAKAP-Lbc�p38� signaling complex
specifically reduces �1-AR-mediated p38� activation without
affecting receptor-mediated activation of other MAPK path-
ways. These findings provide a novel mechanistic hypothesis
explaining how assembly of macromolecular complexes can
specify MAPK signaling downstream of �1-ARs.

�1-Adrenergic receptors (�1-AR)2 are seven-transmem-
brane domain receptors coupled to heterotrimeric G proteins
of the Gq and G12/G13 family (1, 2). Evidence accumulated over
the last years indicate that these receptors, besides their well
known implication in controlling vascular contractility, glucose
metabolism, genitourinary functions, and behavioral responses
(3), are also crucially involved in the regulation of various path-
ological cardiovascular remodeling processes including vascu-
lar smooth muscle cell hypertrophy, proliferation, and migra-
tion in response to injury (4, 5) as well as cardiac hypertrophy
(6–8). It is now evident that mitogen-activated protein kinases
(MAPKs) signaling pathways play a central role in mediating
many of these pathological responses (1, 9–11).

MAPKs are proline-directed serine/threonine kinases that
induce themajority of their physiological effects through phos-
phorylation and activation of transcription factors and the reg-
ulation of the expression of specific sets of genes (12).Mamma-
lian MAPKs can be subdivided into five families including
ERK1/2, JNK, p38, ERK3/4, and ERK5, which display different
biological functions (12). MAPK signaling cascades are orga-
nized into functional signaling modules of three kinases in
which a MAP kinase kinase kinase (MAPKKK) phosphorylates
and activates a MAP kinase kinase (MAPKK) that, in turn,
phosphorylates and activates a MAPK (13). The modular orga-
nization of the pathway is controlled by scaffolding proteins
that can bind each of the kinases (13). Although the implication
of MAPK pathways in the pathophysiological responses
induced by �1-ARs has been extensively studied it is currently
unknown how MAPK signaling modules are assembled and
activated in response to �1-AR stimulation to generate specific
cellular responses.
Several evidences indicates that small molecular weight

GTPase RhoA plays a central role in mediating the activation
of MAPK pathways downstream of �1-ARs (1, 10, 14). Rho-
GTPases are molecular switches that cycle between an active
GTP-bound state, which is able to bind effector proteins, and an
inactive GDP-bound state. In vivo, the cycling between the
GDP- and GTP-bound forms is regulated by guanine nucleo-
tide exchange factors (GEFs) that stimulate the exchange of
GDPwithGTP. All guanine nucleotide exchange factors exhib-
iting exchange activity towardRhoGTPases share aDbl homol-
ogy domain and an adjacent pleckstrin homology domain (15,
16). The Dbl homology domain is responsible for the guanine
nucleotide exchange activity, whereas the pleckstrin homology
domain determines the subcellular localization of the exchange
factor or contributes to the binding pocket for Rho-GTPases
(16).
We identified an exchange factor, termed AKAP-Lbc, which

functions as GEF for RhoA as well as an A-kinase anchoring
protein (AKAP) (17, 18). Interestingly, AKAP-Lbc is a key
mediator of �1-AR-induced activation of RhoA (2). �1-ARs
enhanceAKAP-LbcRho-GEF activity through a signaling path-
way that requires the � subunit of the heterotrimeric G protein
G12 (17). On the other hand, AKAP-Lbc inactivation occurs
through a mechanism that requires recruitment of the regula-
tory protein 14-3-3 (19).
Our present results indicate that AKAP-Lbc organizes a p38

MAPK complex composed of RhoA effectors PKN�, MLTK,
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MKK3, and p38� that specifically promotes RhoA-dependent
activation of p38 in response to �1-AR stimulation. They also
provide evidence that the ability of AKAP-Lbc to assemble and
activate this p38 activation complex is inhibited following the
recruitment of the regulatory protein 14-3-3. Overall, these
findings provide a novel mechanistic hypothesis explaining
how MAPK signaling pathways can be selectively activated by
�1-ARs.

EXPERIMENTAL PROCEDURES

Expression Constructs—AKAP-Lbc fragments encoding
amino acids 1585–1922, 1625–1922, 1655–1922, 1715–1922,
1765–1922, 1388–1585, 1388–1655, 1388–1715, and 1388–
1765 were PCR-amplified from the AKAP-Lbc pEGFPN1 vec-
tor (17) and subcloned at EcoRI/SalI into the pFLAG-CMV6
vector to generate protein fragments fused with the FLAG
epitope. A region encoding residues 1388–1922 of AKAP-Lbc
was PCR amplified from the AKAP-Lbc pEGFPN1 vector and
subcloned at SalI/NotI into pET30a vector to generate protein
fragments fused with the histidine tag. The AKAP-Lbc frag-
ment encoding residues 1585–1715 and corresponding to the
PKN� binding domain of AKAP-Lbc was PCR amplified from
the AKAP-Lbc pEGFPN1 vector and subcloned at EcoRI/SalI
into pFLAG-CMV6 and pEGFPN vectors to generate protein
fragments fused with the FLAG epitope and GFP, respectively.
The FLAG-tagged AKAP-Lbc mutant missing the PKN� bind-
ing domain was generated by deleting the region encoding
amino acids 1585–1715 by standard PCR-directedmutagenesis
using the FLAG-AKAP-Lbc vector (19) as a template.
Double-stranded hairpin (sh) oligonucleotides based upon

the human AKAP-Lbc mRNA sequence (GI: 15986728, bases
6688–6706 and 228–246) were cloned into the HindIII and
BglII sites in the pSUPER vector. The oligonucleotide
sequences used were: human AKAP-Lbc shRNA1 (sense
strand), 5�-GTGCGTCTCAATGAGATTT-3�, and human
AKAP-Lbc shRNA2 (sense strand), 5�-GGTCAGTTCTGAT-
ACATTG-3�.
To generate lentiviral transfer vectors encoding AKAP-Lbc

shRNAs, cDNA fragments containing the H1 RNA polymerase
III promoter as well as sequences encoding shRNAs were
excised using BamHI/SalI from the pSUPER vector and sub-
cloned into the pAB286.1 transfer vector. Mission� lentiviral
transfer vectors encoding PKN� shRNAs or a control non-tar-
get shRNA were purchased from Sigma. These vectors contain
a puromycin cassette that allows the selection of infected cells.
The lentiviral packaging vectors pCMVDR8.91 and pMD2.
VSVG encode the viral capsid and the vesicular stomatitis
virus-G envelope protein, respectively (20).
The full-length cDNA encoding human p38� was PCR

amplified from a human heart cDNA library and subcloned
at NotI-BamHI into pFLAG-CMV6, BamHI-XhoI into
HA-pRK5, or BamHI-Not1 into pGEX4T1 to generate proteins
fused to the FLAG and HA epitopes or GST, respectively. Sim-
ilarly, the full-length cDNA encoding humanMLTK� was PCR
amplified from a human heart cDNA library and subcloned at
NotI-BamHI into pFLAG-CMV6, BamHI-SalI into HA-pRK5,
or BamHI-XhoI into pGEX4T1. Fragments 1–305 and 305–942
of PKN� were amplified from Myc-PKN� (generous gift from

Dr. S. Gutkind,NIH, Bethesda,MD) and subcloned atNotI-SalI
and NotI/XhoI into pET30a, respectively, to generate fusion
proteins with the histidine tag. HA-tagged JNK1, MKK3,
MKK6, MEK1, andMEKK1 as well as FLAG-tagged JNK1 con-
structs were generous gifts fromDr. C.Widmann (Department
ofMorphology andCell Biology, University of Lausanne). GFP-
ERK1 was obtained from Addgene. Plasmids encoding
HA-MLK3 and HA-TAK1 were generous gifts from Dr. L. B.
Holzman (University of Michigan Medical School) and Dr. J.
Ninomiya-Tsuji (North Carolina State University), respec-
tively. Vectors encoding FLAG-AKAP-Lbc S1565A,AKAP-Lbc
S1565A-GFP, and FLAG-tagged AKAP-Lbc fragments encod-
ing residues 1–503, 504–1000, 1001–1387, 1388–1922, 1923–
2336, and 2337–2817, as well as 14-3-3�-GFP, were described
previously (19).
Expression and Purification of Recombinant Proteins in

Bacteria—GST fusion proteins of AKAP-Lbc, p38�, MKK3,
and MLTK were expressed using the bacterial expression vec-
tor pGEX-4T1 in the BL21(DE3) strain of Escherichia coli and
purified. Exponentially growing bacterial cultures were incu-
bated 16 h at 16 °C with 1 mM isopropyl 1-thio-�-D-galactopy-
ranoside, and subsequently subjected to centrifugation. Pel-
leted bacteria were lysed in buffer D (20 mM Tris, pH 7.4, 150
mM NaCl, 5 mM MgCl2, 1% (w/v) Triton X-100, 1 �g/ml of
aprotinin, 2 �g/ml of leupeptin, 2 �g/ml of pepstatin, and 0.1
mM PMSF), sonicated, and centrifuged at 38,000� g for 30min
at 4 °C. After incubating the supernatants with glutathione-
Sepharose beads (GE Healthcare) for 2 h at 4 °C, the resin was
washed five times with 10 bed volumes of buffer D and stored at
4 °C.
His6-tagged fusion proteins of PKN� and AKAP-Lbc were

expressed using the bacterial expression vector pET30 in
BL21(DE3) bacteria and purified. Bacterial extracts containing
His6-tagged fusion proteins were prepared in buffer E (20 mM

Hepes, pH 7.8, 500mMNaCl, 10mM imidazole, 1 mM benzami-
dine, 2 �g/ml of leupeptin, 2 �g/ml of pepstatin). After a 1-min
sonication, the lysateswere centrifuged at 38,000� g for 30min
at 4 °C. The His6-tagged fusion proteins were purified by incu-
bating the supernatant with nickel-nitrilotriacetic acid chelat-
ing resin (Amersham Biosciences) for 1 h at 4 °C. The resin was
thenwashed 5 times with 10 bed volumes of buffer E 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
mMbenzamidine, 2�g/ml of leupeptin, 2�g/ml of pepstatin for
1 h at room temperature, dialyzed, and stored at �20 °C. The
protein content of the eluates was assessed by Coomassie stain-
ing of SDS-PAGE gels.
Production of Lentiviruses—Vesicular stomatitis virus-G

(VSVG) pseudotyped lentiviruses were produced by cotrans-
fecting 293-T cells with 20 �g of pAB286.1 vector (21),
pAB286.1-AKAP-Lbc shRNA vectors (2),Mission�Non-target
shRNA control vector (Sigma) or Mission PKN� shRNA vec-
tors (Sigma), 15 �g of pCMVDR8.91, and 5 �g of pMD2.VSVG
(20) using the calciumphosphatemethod. Culturemediumwas
replaced by serum-free DMEM at 12 h after transfection. Cell
supernatants were collected 48 h later, filtered through a
0.45-mm filter unit, and concentrated using Centricon-Plus-70
MW 100,000 columns (Millipore). Virus titers were deter-
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mined by infecting 293-T cells using serial dilutions of the viral
stocks and by scoring the number of puromycin-resistant
clones (at 6 days after infection). Titers determined using these
methods were between 5 � 108 and 1.0 � 109 transducing
units/ml for viruses generated from pAB286.1 vectors and
between 4 � 108 and 8 � 108 transducing units/ml for viruses
generated fromMission vectors.
Lentiviral Infection—HEK-293 cells were infected at 60%

confluence using pAB286.1-based lentiviruses encoding wild
type or mutated AKAP-Lbc shRNAs at a multiplicity of infec-
tion of 20 in the presence of 8 �g/ml of Polybrene. Two days
after infection puromycinwas added to the culturemedium at a
final concentration of 2 �g/ml. After 4 days of selection, puro-
mycin-resistant cells were collected and amplified in selective
medium containing puromycin at a final concentration of 2
�g/ml.
Cell Culture and Transfections—HEK-293 were cultured in

Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal calf serum and gentamycin (100 �g/ml) and
transfected at 50–60% confluence in 100-mm dishes using the
calcium-phosphate method. For the overexpression of con-
structs containing the full-length AKAP-Lbc, HEK-293 cells
were transfected at 80% confluence in 100- or 35-mm dishes
using Lipofectamine 2000 (Invitrogen) according to the manu-
facturer’s instructions. After transfection, cells were grown for
48 h in DMEM supplemented with 10% fetal calf serum before
harvesting. The total amount of transfected DNA was 10–24
�g/100-mm dish and 1–4 �g/35-mm dish.
In Vitro GST Pulldown Experiments—For in vitro GST pull-

downs, 100 nM bacterially purified His6-tagged fragments
encompassing PKN� residues 1–305 and 305–942 as well as
AKAP-Lbc residues 1388–1922 were incubated with glutathi-
one-Sepharose beads (Amersham Biosciences) coupled to
GST, or to GST fusion proteins of p38�, MKK3, MLTK, or the
AKAP-Lbc fragment encompassing residues 1388–1922 in 0.5
ml of buffer A (20 mM Tris, pH 7.4, 150 mM NaCl, 1% (w/v)
Triton X-100, 5 �g/ml of aprotinin, 10 �g/ml of leupeptin, and
1 mM PMSF) for 4 h at 4 °C. The beads were then washed five
times with buffer A containing 300 mM NaCl, resuspended in
SDS-PAGE sample buffer (65mMTris, 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.
Immunoprecipitation Experiments—For immunoprecipita-

tion experiments, HEK-293 cells grown in 100-mm dishes and
expressing various constructs were lysed in 1 ml of buffer A.
Cell lysates were incubated 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 4 h at 4 °C with 20
�l of anti-FLAG M2 affinity resin (Sigma) to immunoprecipi-
tate overexpressed FLAG-tagged proteins. Following a brief
centrifugation on a bench-top centrifuge, the pelleted beads
were washed five times with buffer C, twice with PBS, and pro-
teins were eluted in SDS-PAGE sample buffer by boiling sam-
ples for 3 min at 95 °C. Eluted proteins were analyzed by SDS-
PAGE and Western blotting. For immunoprecipitation of
endogenous AKAP-Lbc complexes, HEK-293 cells were lysed
in 1 ml of buffer B (20 mM Hepes, pH 7.4, 150 mM NaCl, 1%

Triton X-100, and 1 mM PMSF). Soluble proteins were isolated
by centrifugation as indicated above and incubated with or
without 0.25 mM dithiobis(succinimidyl propionate) for 1 h at
4 °C. Cross-linking reactions were blocked by adding Tris, pH
7.4, to the lysate to a final concentration of 50 mM. Immuno-
precipitations were performed as indicated previously (19) by
incubating 3 mg of lysate with 4 �g of affinity-purified rabbit
polyclonal anti-AKAP-Lbc antibodies (Covance).
p38�, JNK, and MLTK Activity Assays—Transfected HEK-

293 cells grown in 100-mmdishes were lysed in 1ml of buffer C
(20 mM Tris, pH 7.4, 150 mM NaCl, 1% (w/v) Triton X-100, 10
mM NaF, 10 mM sodium pyrophosphate, 1 mM sodium
orthovanadate, 1mMglycerophophate, 5�g/ml of aprotinin, 10
�g/ml of leupeptin, and 1 mM PMSF). Cell lysates were incu-
bated 10 min at 4 °C on a rotating wheel. The solubilized mate-
rial was centrifuged at 100,000 � g for 30 min at 4 °C. 200 �l of
supernatant was incubated either with 2 �l of mouse monoclo-
nal anti-p38� antibodies (Cell Signaling Technology) and 20 �l
of protein A-Sepharose beads (Amersham Biosciences) for 2 h
at 4 °C to immunoprecipitate endogenous p38� or with 20�l of
anti-FLAGM2 affinity resin (Sigma) for 1 h at 4 °C to immuno-
precipitate overexpressed FLAG-tagged JNK1 or MLTK. Fol-
lowing centrifugation on a bench-top centrifuge, the pelleted
beads were washed three times with buffer C and twice with a
buffer containing 50 mM Tris, pH 7.4, and 5mMMgCl2. Immu-
noprecipitates containing p38� or JNK1 were incubated with 1
�g of purifiedGST-ATF2 (Cell SignalingTechnology), whereas
those containing FLAG-tagged MLTK were incubated with 1
�g of purifiedGST-MKK3. Reactionswere carried out in 50mM

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 antibodies and horseradish-con-
jugated secondary antibodies (Amersham Biosciences) as pre-
viously indicated (17). The following affinity purified primary
antibodies were used for immunoblotting: affinity purified rab-
bit polyclonal anti-AKAP-Lbc (Covance, 0.1 mg/ml, 1:1000
dilution), mouse monoclonal anti-FLAG (Sigma, 4.9 mg/ml,
1:2000 dilution), mouse monoclonal anti-GFP (Roche Applied
Science, 400 �g/ml, 1:500 dilution), rabbit polyclonal anti-GFP
(Roche Applied Science, 400 �g/ml, 1:1000 dilution), rabbit
polyclonal anti-HA (Sigma, 1:1000 dilution), mouse monoclo-
nal anti-HA (Sigma, 1:5000 dilution), rabbit polyclonal anti-
phospho-p38� (threonine 180 and tyrosine 182) (Cell Signaling
Technologies, 1:1000 dilution), rabbit polyclonal and mouse
monoclonal anti-p38� (Cell Signaling Technologies, 1:1000
dilution), rabbit polyclonal anti-phospho-ATF2 (threonine 71)
(Cell Signaling Technologies, 1:1000 dilution), rabbit poly-
clonal anti-ATF2 (Cell Signaling Technologies, 1:1000 dilu-
tion), mouse monoclonal anti-phospho-MKK3 (serine 189 and
threonine 193) (Cell Signaling Technology, 1:500 dilution),
mouse monoclonal anti-MKK3 (Assay designs, 1:1000 dilu-
tion), mouse monoclonal anti-MLTK (Abnova, 1:500 dilution),
rabbit polyclonal anti-MLK3 (Cell Signaling Technology, 1:500
dilution), mouse monoclonal anti-PKN� (BD Biosciences
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Pharmingen, 1:1000 dilution), rabbit polyclonal anti-ERK1/2
(Santa Cruz Biotechnology, 1:500 dilution), rabbit polyclonal
anti-phospho-ERK1/2 (threonine 202 and tyrosine 204) (Santa
CruzBiotechnology, 1:500 dilution), rabbit polyclonal anti-JNK
(Cell Signaling Technologies, 1:500 dilution), rabbit polyclonal
anti-phospho-JNK (threonine 183 and tyrosine 185) (Cell Sig-
naling Technologies, 1:500 dilution), mouse monoclonal anti-
actin (Sigma, 1:1000 dilution), mouse monoclonal anti-histi-
dine tag (Qiagen 100 �g/ml, 1:1000 dilution).
Statistical Analysis—Statistical significance was analyzed

using a Kruskal-Wallis test followed by Mann-Whitney U tests
with the Bonferroni corrections.

RESULTS

AKAP-LbcMediates �1-AR-induced p38� MAPK Activation—
Evidence collected over the last decade indicates that protein
kinases of the MAPK family including ERK, JNK, and p38 play
an important role in mediating many of the pathophysiological
responses induced by �1-ARs (1, 9–11). Although several stud-
ies indicate that GTPase RhoA plays a central role in mediating
activation of MAPK pathways downstream of �1-ARs (1, 10,
14), it is currently not clear how signals are specifically trans-
ferred from activated RhoA to the activation of selected
MAPKs.
To initially determine the implication of RhoA in pathways

linking�1-ARs to the activation of ERK1/2, JNK, and p38,HEK-
293 cells expressing the HA-tagged �1-AR were treated for 2 h
in the absence or presence of 1 �g/ml of a cell permeable form
of the C3 botulism toxin and subsequently incubated with or
without 10�4 M epinephrine for 10 min. Activation of ERK1/2
and JNK in cell lysates was assessed byWestern blot using anti-
bodies recognizing the phosphorylated forms of ERK1/2 and
JNK. On the other hand, p38� activity was determined using a
kinase assay that measured the ability of immunoprecipitated
endogenous p38� to induce the phosphorylation of purified
GST-ATF2. Interestingly, inhibition of RhoA impaired by 58
and 69% the ability of �1b-ARs to induce p38� activation under
basal conditions and following epinephrine stimulation,
respectively (Fig. 1, A, panel 1, lanes 7 and 8, and B), without
affecting�1-AR-mediated phosphorylation of ERK1/2 and JNK
(supplemental Fig. S1,A andC, panel 1, lanes 7 and 8, andB and
D). This suggests that RhoA is involved in the pathway that
links �1b-ARs to the activation of p38�.

Based on these results and our previous evidence that the
RhoA-specific guanine nucleotide exchange factor AKAP-Lbc
mediates RhoA activation downstream of �1b-ARs (2), we
raised the question of whether AKAP-Lbc might organize the
signaling cascade linking �1b-ARs to the activation of p38�. To
address this hypothesis, we initially determined the impact of
silencing AKAP-Lbc expression in HEK-293 cells on the ability
of �1-ARs to induce the activation of p38�.
AKAP-Lbc silencing was achieved by infecting cells using

lentiviruses encoding two distinct shRNAs directed against a
sequence within the Dbl homology domain (shRNA1) and
N-terminal regulatory region (shRNA2) of AKAP-Lbc, respec-
tively. Both shRNAs could inhibit AKAP-Lbc expression by
about 90% as compared with cells infected with control lentivi-
ruses (Fig. 1C, panel 5).

Infected cells were transfected with the cDNA encoding the
HA-tagged �1b-AR, serum starved for 24 h, and incubated in
the absence or presence of epinephrine for 10 min. p38� was
then immunoprecipitated and its activity assessed as indicated
above.
Silencing of AKAP-Lbc expression significantly reduced the

ability of �1b-ARs to induce p38� activation both under basal
conditions and following epinephrine stimulation. Basal p38�
activation was inhibited between 67 (shRNA1) and 74%
(shRNA2), whereas inhibition of epinephrine-induced p38�
activation was between 63 (shRNA1) and 72% (shRNA2) (Fig.
1C, panel 1, lanes 9–12, and D). Interestingly, re-expression of
a silencing resistant mutant of AKAP-Lbc (2) in silenced cells
rescued the ability of �1b-AR to promote the activation of p38�
(supplemental Fig. S2, A, panel 1, lanes 5 and 6, and B).

These results suggest that the inhibition of p38� activation
was strictly dependent on reduced AKAP-Lbc expression and
not due to an off-target effect. Control experiments revealed
that the ability of �1b-ARs to promote phosphorylation of
endogenous ERK1/2 and JNK was not affected by AKAP-Lbc
silencing (supplemental Fig. 3,A, panels 1 and 3, lanes 7 and 8).
These results strongly suggest that AKAP-Lbc specifically con-
tributes to the activation of p38� MAPK induced by �1b-ARs.

To directly determinewhetherAKAP-Lbc can enhance p38�
activation through its ability to activate RhoA, we assessed
whether RhoA inhibition could affect the p38� activating
potential of the S1565A mutant of AKAP-Lbc, which displays
constitutive Rho-GEF activity (19). HEK-293 cells transfected
with the FLAG-tagged AKAP-Lbc S1565A mutant were serum
starved for 24 h and incubated for 2 h in the absence or presence
of 1 �g/ml of C3 botulinum toxin. As shown in Fig. 1E, overex-
pression of the FLAG-tagged AKAP-Lbc S1565A mutant
induced a 2.9-fold enhancement of p38� kinase activity, which
was reduced after RhoA inhibition (Fig. 1,E,panel 1, lanes 2 and
3, and F). Control experiments revealed that this constitutively
active AKAP-Lbc mutant was not able to promote phosphory-
lation of endogenous ERK1/2 and JNK (supplemental Fig. S3, B
and C, upper panel, lane 2). Altogether, these findings indicate
that the AKAP-Lbc�RhoA complex specifically mediates
�1-AR-induced p38� activation.
AKAP-Lbc Interacts with p38�—Our current findings reveal

that AKAP-Lbc and RhoA mediate the activation of p38� but
not that of ERK1/2 and JNK downstream of �1b-ARs. This sug-
gests the existence of molecular mechanisms that allow the
AKAP-Lbc signaling complex to select and activate the p38
effector pathway. One attractive hypothesis would be that
AKAP-Lbc and p38� might be maintained within the same
macromolecular unit. In this configuration, activating signals
could be integrated by AKAP-Lbc and rapidly transmitted to
p38�.

To assess whether AKAP-Lbc could form a complex with
p38, we determined whether HA-tagged p38� could be co-im-
munoprecipitated with FLAG-tagged AKAP-Lbc from lysates
of transfected HEK-293 cells. As shown in Fig. 2A, anti-FLAG
antibodies could immunoprecipitate HA-p38� from cells
expressing the FLAG-tagged AKAP-Lbc, but not from cells
transfectedwith the empty pFLAGvector (Fig. 2A,upper panel,
lanes 1 and 2). Using a similar approach we could show that
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HA-JNK1 and GFP-ERK1 do not form stable complexes with
AKAP-Lbc vector (Fig. 2, B and C, upper panel, lanes 1 and 2).
These results suggest that AKAP-Lbc specifically binds and
activates p38�. The p38 family of MAPK is constituted by four
members (p38�, p38�, p38�, and p38�) (22). Co-immunopre-
cipitation experiments performed using the different recombi-
nant p38 kinases indicate that FLAG-AKAP-Lbc interacts
mainly with p38�, to a lesser extent with p38�, but not with
p38� and p38� (results not shown).
AKAP-Lbc Assembles a p38� Activation Module—MAPKs

are activated by protein kinase cascades in which the MAPK is
phosphorylated and activated by a MAP kinase kinase
(MAPKK) that is, in turn, phosphorylated and activated by a
MAP kinase kinase kinase (MAPKKK). It is well established
that p38� can be activated by theMAPKKsMKK3,MKK4, and
MKK6 (23). In turn, these three p38-activating kinases can be
phosphorylated and activated by several MAPKKKs such as
TAK1, members of the mixed lineage kinase (MLK) family
includingMLK3,MLTK, and DLK, and several members of the

MEKK family of protein kinases (23, 24). Because these kinases
have been described to be organized into signaling complexes
to create functional MAPK modules, we have investigated the
possibility that kinases known to act upstream of p38� would
also associate with AKAP-Lbc.
To address this point, we performed coimmunoprecipitation

experiments from HEK-293 cells that were transiently trans-
fected with the cDNA encoding the HA-tagged forms of the
MAPKKsMKK3, MKK4, andMKK6 (Fig. 2D), as well as of the
MAPKKKsMLK3, MEK1, TAK1 (Fig. 2E), andMLTK (Fig. 2F)
in combination with the empty FLAG vector (pFLAG) or the
FLAG-tagged AKAP-Lbc. After immunoprecipitating the
anchoring protein using anti-FLAG antibodies, anti-HA anti-
bodies were used to immunoblot the immunoprecipitated sam-
ples. Western blots revealed that MKK3 (Fig. 2D, upper panel,
lane 5) as well as kinases belonging to MLK family including
MLK3 and MLTK (Fig. 2, E, upper panel, lane 4, and F, upper
panel, lane 2) could specifically co-immunoprecipitate with
AKAP-Lbc, whereas theMAPKKsMKK4 andMKK6 as well as

FIGURE 1. AKAP-Lbc mediates �1-AR-induced p38� activation. A, HEK-293 cells were transfected with the empty pRK5 plasmid or the cDNA encoding the
HA-tagged �1b-AR. After a 24-h serum starvation, cells were incubated for 2 h with or without 1 �g/ml of purified C3 toxin and incubated for 15 min with or
without (Ctrl) 10�4

M epinephrine (EPI). Cell lysates where subjected to immunoprecipitation using anti-p38� monoclonal antibodies. Kinase reactions were
performed by incubating p38� immunoprecipitates with 1 �g of purified GST-ATF2 and in the presence of ATP. Phospho-GST-ATF2 was detected by immu-
noblot using rabbit polyclonal antibodies recognizing phosphothreonine 71 of ATF2 (panel 1). The amounts of GST-ATF2, p38�, and HA-�1b-ARs were
assessed using polyclonal antibodies against ATF2 (panel 2), p38� (panel 3), and the HA epitope (panel 4), respectively. B, quantitative analysis of phosphory-
lated ATF2 was obtained by densitometry. The amount of phospho-ATF2 was normalized to the total amount of ATF2 and p38�. Results are expressed as
mean � S.E. of 3 different experiments. §, p � 0.05 as compared with phospho-ATF2 levels measured in untreated control cells expressing HA-�1b-ARs. *, p �
0.05 as compared with phospho-ATF2 levels measured in epinephrine-treated control cells expressing HA-�1b-ARs. C, HEK-293 cells infected with control
lentiviruses or lentiviruses encoding AKAP-Lbc shRNAs were transfected with the empty pRK5 plasmid or the cDNA encoding the HA-tagged �1b-AR. After a
24-h serum starvation, cells were incubated for 15 min with or without (Ctrl) 10�4

M epinephrine, lysed, and subjected to immunoprecipitation using mono-
clonal anti-p38� antibodies. Kinase reactions and detection of phospho-ATF2 (panel 1), ATF2 (panel 2), p38� (panel 3), and HA-�1b-ARs (panel 4) were performed
as indicated in A. Expression of endogenous AKAP-Lbc and actin was detected using affinity purified anti-AKAP-Lbc polyclonal antibodies (panel 5) and
anti-actin monoclonal antibodies (panel 6). D, quantitative analysis of phospho-ATF2 was obtained by densitometry as indicated in B. §, p � 0.05 as compared
with phospho-ATF2 levels measured in untreated control cells expressing HA-�1b-ARs. *, p � 0.05 as compared with phospho-ATF2 levels measured in
epinephrine-treated control cells expressing HA-�1b-ARs. E, HEK-293 cells were transfected with cDNA encoding the FLAG-tagged S1565A mutant of AKAP-
Lbc. After a 24-h serum starvation, cells were incubated for 2 h with or without 1 �g/ml of purified C3 toxin. Kinase activity of immunoprecipitated p38� and
detection of phospho-ATF2 (panel 1), ATF2 (panel 2), and p38� (panel 3) in cell lysates was determined as indicated in A. Expression of the FLAG-tagged
AKAP-Lbc S1565A mutant was assessed using monoclonal antibodies against the FLAG tag (panel 4). F, quantitative analysis of phosphorylated ATF2 was
obtained by densitometry as indicated in B. *, p � 0.05 as compared with phospho-ATF2 levels measured in untreated cells expressing FLAG-AKAP-Lbc S1565A.
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the MAPKKKs MEKK1 and TAK1 did not (Fig. 2, D, upper
panel, lanes 4 and 6, and E, upper panel, lanes 5 and 6). These
results suggest that AKAP-Lbc can interact with a signaling
module composed of p38�, its upstream kinase MKK3, and
MAPKKKs of the MLK family such as MLK3 or MLTK.
However, MLKs have never been reported as direct effectors

of RhoA. Accordingly, control experiments performed in our
laboratory using purified kinases failed to detect MLK activa-
tion by RhoA (results not shown). This raises the question of
how the AKAP-Lbc�RhoA complex can transmit signals to the
MLK-MKK3-p38� module. In this context, previous evidence
indicates that protein kinase N� (PKN�), a well characterized
effector of RhoA, can act as an upstream activating kinase of

MLTK (25). Based on these findings, we raised the hypothesis of
whether PKN� could also bind to AKAP-Lbc. Interestingly,
Western blots performed on FLAG-AKAP-Lbc immunopre-
cipitates indicate that endogenous PKN� can co-immunopre-
cipitate with the anchoring protein (Fig. 2G, upper panel,
lane 2).
In a similar set of experiments, we could show that p38�,

MKK3, MLTK, and PKN� endogenously expressed in HEK293
cells could forma complexwith endogenousAKAP-Lbc. This is
shown by the fact that p38�, MKK3, MLTK, and PKN� could
be detected in AKAP-Lbc immunoprecipitates (Fig. 3,A, upper
andmiddle panels, lane 3, and B, upper andmiddle panels, lane
3). On the other hand, no interaction between endogenous

FIGURE 2. AKAP-Lbc assembles a p38� activation complex. A–C, extracts from HEK-293 cells transfected with the plasmids encoding HA-tagged p38� (A),
HA-tagged JNK1 (B), or GFP-tagged ERK1 (C) in combination with the empty FLAG vector (lane 1) or the vector encoding FLAG-tagged AKAP-Lbc (lane 2) were
subjected to immunoprecipitation with anti-FLAG antibodies. Western blots of the immunoprecipitates and the cell extracts were revealed using anti-HA
monoclonal antibodies to detect HA-p38� and HA-JNK1 (A and B, upper and middle panels), anti-GFP polyclonal antibodies to detect GFP-ERK1 (C, upper and
middle panels), or anti-FLAG monoclonal antibodies to detect FLAG-AKAP-Lbc (lower panels). D, HEK-293 cells were transfected with the plasmids encoding
HA-tagged MKK4, MKK3, or MKK6 in combination with the vector encoding FLAG-tagged AKAP-Lbc. Immunoprecipitations and Western blots were performed
as indicated in A. E and F, HEK-293 cells were transfected with the plasmids encoding HA-tagged MLK3, MEKK1, TAK1 (E) or MLTK (F), in combination with the
empty FLAG vector or the plasmid encoding FLAG-tagged AKAP-Lbc. Immunoprecipitations and Western blots were performed as indicated in A. G, extracts
from HEK-293 cells transfected with the empty FLAG vector or the plasmid encoding FLAG-tagged AKAP-Lbc were subjected to immunoprecipitation with
anti-FLAG antibodies. Western blots of the immunoprecipitates and the cell extracts were revealed using anti-PKN� monoclonal antibodies. Results are
representative of at least three independent experiments.
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AKAP-Lbc and MLK3 could be detected (Fig. 3C, upper panel,
lane 3). Therefore, whereas overexpressed AKAP-Lbc has the
potential of binding both MLK3 and MLTK (Fig. 2, E and F),
endogenous AKAP-Lbc seems to preferentially assemble a
complex that specifically contains MLTK. Collectively these
results suggest that AKAP-Lbc can assemble a large signaling
complex containing PKN�, MLTK, MKK3, and p38� that can
link RhoA activation to the stimulation of the p38 transduction
pathway.
Mapping of the Kinase Binding Sites on AKAP-Lbc—To iden-

tify the binding site for p38� as well as its upstream activating
kinases on AKAP-Lbc, we initially generated a series of FLAG-
tagged AKAP-Lbc fragments encompassing residues 1–503,
504–1000, 1001–1387, 1388–1922, 1923–2336, and 2337–
2817 (supplemental Fig. S4A). The fragments were initially
expressed in HEK-293 cells in combination with HA-MKK3
and interactions assessed by co-immunoprecipitation. The
FLAG-tagged fragments were immunoprecipitated from cell
lysates using anti-FLAG antibodies and the presence of associ-
ated kinases detected using anti-HA antibodies. Our results
indicate that MKK3 interact exclusively with the fragment of
AKAP-Lbc included between residues 1388 and 1922 (supple-
mental Fig. S4, upper panel, lane 5).
We have subsequently further narrowed the binding site

using shorter FLAG-taggedAKAP-Lbc fragments derived from
the 1388–1922 region (Fig. 4A). As shown in Fig. 4B, our results
indicate thatHA-MKK3 interacts withAKAP-Lbc in aminimal
region encompassing residues 1585–1715 (Fig. 4B, upper
panel).
To validate these findings and assess whether the identified

domain was also required for binding the other kinases, we
determined the impact of deleting residues 1585–1715 from
the AKAP-Lbc on its ability to associate with HA-p38�, HA-
MKK3, HA-MLTK, and endogenous PKN� in co-immunopre-
cipitation experiments (Fig. 4, C–F). The deletion reduced
significantly the ability of all the tested kinases to co-
immunoprecipitate with the FLAG-tagged AKAP-Lbc (Fig. 4,
C–F, upper panel, second and third lanes). These findings sug-
gest that residues 1585–1715 form a binding site that recruits

p38� as well as its upstream activating kinases MKK3, MLTK,
and PKN�.
PKN� Directly Binds AKAP-Lbc, p38�, MKK3, and MLTK—

Although our current results suggest that AKAP-Lbc interacts
with PKN�, MLTK,MKK3, and p38�, they do not indicate how
the complex is organized. Based on previous findings showing
that PKN� can act both as an upstream activating kinase of
MLTK and as a scaffolding protein (25) we hypothesized that it
could recruit p38�, MKK3, and MLTK to AKAP-Lbc. There-
fore, we determined whether PKN� could directly associate
with AKAP-Lbc as well as with the other kinases.
To assess whether the interaction of p38�, MKK3, and

MLTK with AKAP-Lbc occurs through a direct interaction or
whether it ismediated through PKN�, wemonitored the ability
of purified GST fusion proteins of p38�, MKK3, and MLTK,
and AKAP-Lbc fragment 1388–1922 to associate with purified
His6-tagged N-terminal or C-terminal fragments of PKN�
(His-PKN-(1–305) and His-PKN-(305–942), respectively), or
with the His6-tagged 1388–1922 fragment of AKAP-Lbc using
an in vitro pulldown assay. Interestingly, our results indicate
that p38�,MKK3, andMLTK, aswell asAKAP-Lbc can directly
bind the C-terminal but not the N-terminal fragment of PKN�
(Fig. 5, A, upper panel, lanes 3, 5, 7, and 9, B, upper panel, lanes
2–6). A weak direct interaction could also be detected between
AKAP-Lbc and MKK3 (Fig. 5A, upper panel, lane 6), whereas
no binding was observed between AKAP-Lbc and p38� or
MLTK (Fig. 5A, upper panel, lanes 4 and 8). These results indi-
cate that AKAP-Lbc can directly bind PKN�, which, in turn can
recruit p38�, MKK3, and MLTK. The association between
AKAP-Lbc and MKK3 could stabilize the formation of the
complex.
PKN� Is Required for Proper Assembly of the AKAP-Lbc�p38�

Signaling Complex—To assess whether PKN� could contribute
to assembly of the AKAP-Lbc�p38� complex inside cells, we
determined the impact of silencing PKN� expression in HEK-
293 cells on the interaction ofAKAP-Lbcwith p38� andMKK3.

PKN� silencing was achieved by infecting cells using lentivi-
ruses encoding shRNAs directed against PKN�. Using this
approach, PKN� expression could be inhibited by 80–90% as

FIGURE 3. AKAP-Lbc interacts with endogenous p38�, MKK3, MLTK, and PKN�. HEK-293 cell extracts were subjected to immunoprecipitation with either
non-immune IgGs or affinity purified anti-AKAP-Lbc polyclonal antibodies. Western blots of the immunoprecipitates and the cell extracts were revealed using
anti-p38� (A, upper panel), anti-MKK3 (A, middle panel), anti-PKN� (B, upper panel), anti-MLTK (B, middle panel), anti-MLK3 (C, upper panel), or affinity purified
anti-AKAP-Lbc polyclonal antibodies (lower panels). Results are representative of at least three independent experiments.
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compared with cells infected with control lentiviruses (Fig. 6A,
panel 6).

AKAP-Lbc was immunoprecipitated from infected cells
using affinity purified anti-AKAP-Lbc antibodies and the pres-
ence of associated p38� and MKK3 revealed by Western blot.
As shown in Fig. 6A, silencing of PKN� expression significantly
reduced the amount of p38� and MKK3 interacting with
endogenous AKAP-Lbc (Fig. 6A, panels 1 and 3, lane 4). This
suggests that PKN� favors the association of p38� and MKK3
with AKAP-Lbc.

PKN� Mediates AKAP-Lbc-induced Activation of MLTK—
Previous findings have shown that PKN� can directly phos-
phorylate and activate MLTK (25). Based on this evidence, we
determined whether PKN� was required to transmit activating
signals from AKAP-Lbc to MLTK. To address this point, we
assessed whether silencing of PKN� using shRNAs targeting
two distinct regions of the kinase (PKN shRNA1 and PKN
shRNA2) could affect the ability of the S1565A mutant of
AKAP-Lbc, which displays constitutively Rho-GEF activity, to
activate MLTK.

FIGURE 4. Mapping the kinase interaction sites on AKAP-Lbc. A, schematic representation of the AKAP-Lbc fragments used for the mapping exper-
iments. The minimal binding site (residues 1585–1715) is boxed. LC3 and 14-3-3 binding sites as well as the C1 region (C1) are shown. B, HEK-293 cells
were transfected with HA-tagged MKK3 in combination with either the empty FLAG vector or FLAG-tagged fragments of AKAP-Lbc indicated in A. Cell
lysates were subjected to immunoprecipitation with anti-FLAG antibodies. Western blots of the immunoprecipitates and cell extracts were revealed
using anti-HA polyclonal antibodies to detect the HA-tagged MKK3 (upper and middle panels), or anti-FLAG monoclonal antibodies to detect the
FLAG-tagged AKAP-Lbc fragments (lower panel). C–F, extracts from HEK-293 cells transfected with plasmids encoding the empty FLAG vector, FLAG-
AKAP-Lbc, or the FLAG-AKAP-Lbc �1585–1715 mutant in combination with the vectors encoding HA-tagged p38� (C), MKK3 (D), MLTK (E), or the empty
pRK5 vector (F). Western blots of the immunoprecipitates (IP) and the cell extracts were revealed using anti-HA polyclonal antibodies to detect
HA-tagged p38�, MKK3, and MLTK (C–E, upper and middle panels), anti-PKN� monoclonal antibodies to detect endogenous PKN� (F, upper and middle
panels), or anti-FLAG monoclonal antibodies to detect FLAG-AKAP-Lbc (lower panels).
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Infected cells were transfected with the cDNAs encoding
FLAG-MLTK and the GFP-tagged AKAP-Lbc S1565Amutant.
After a 24-h serum starvation, FLAG-MLTK was then immu-
noprecipitated and its ability to phosphorylate purified GST-
MKK3 determined using an in vitro kinase assay. Interestingly,
silencing of PKN� expression significantly reduced the ability
of AKAP-Lbc S1565A to promote MLTK activation (Fig. 6B,
panel 1, lanes 5 and 6) suggesting that PKN� is required for
AKAP-Lbc-mediated MLTK activity.
Disruption of AKAP-Lbc Complex Impairs �1-AR-mediated

p38� Activation—Based on the mapping studies presented
above, we investigated the possibility of whether a fragment
of AKAP-Lbc encompassing residues 1585–1715 could be used
as a competitor to disrupt the endogenous complexes formed
by AKAP-Lbc and the various kinases. Such a competitor frag-
ment could represent a valuable tool to study the role of the
AKAP-Lbc signaling complex in the activation of p38� inside
cells.
A GFP fusion of the competitor fragment was expressed in

HEK-293 cells and its ability to inhibit the binding of
HA-MKK3, HA-MLTK, as well as PKN� to the FLAG-tagged
fragment of AKAP-Lbc encompassing residues 1388–1922was
assessed by co-immunoprecipitation (supplemental Fig. S5).
Interestingly, overexpression of the fragment reduced the
interaction between AKAP-Lbc and the various kinases by
more than 80% suggesting that it can act as an efficient compet-
itive inhibitor (supplemental Fig. S5,A–C, upper panel, lane 3).
Based on these results we determined the impact of overex-
pressing the GFP-tagged competitor fragment on the ability of
�1b-adrenergic receptors to induce p38� activation inHEK-293
cells.

Interestingly, expression of the competitor fragment reduced
by 62 and 58% the ability of �1b-ARs to promote p38� activa-
tion under basal conditions and in response to epinephrine
stimulation, respectively (Fig. 7, A, panel 1, lanes 7 and 8, and
B), without affecting receptor-induced phosphorylation of
ERK1/2 and JNK1 (supplemental Fig. S6,A andB, panel 1, lanes
3 and 4). These findings suggest that the integrity of the com-
plex formed by AKAP-Lbc and the various kinases is required
for the activation of p38� induced by �1b-ARs.
Binding of 14-3-33 to AKAP-Lbc Inhibits the Recruitment of

PKN� and Reduces p38� Activation—We previously demon-
strated that recruitment of the regulatory protein 14-3-3 to a
motif located at position 1565within theN-terminal regulatory
region of AKAP-Lbc strongly inhibits the Rho-GEF activity of
the anchoring protein (19). Our current results indicate that
this site is located in close proximity of the binding domain for
the p38� activation complex. This raises the possibility that
14-3-3 recruitment could also interfere with the interaction of
AKAP-Lbc with the p38� signaling complex and therefore
inhibit AKAP-Lbc-mediated p38 activation.
To address this question, we initially determined whether

overexpression of 14-3-3� in HEK-293 cells could affect the
ability of AKAP-Lbc to associate with PKN�. HEK-293 cells
were transfected with FLAG AKAP-Lbc together with
increasing amounts of GFP-tagged 14-3-3�. After immunopre-
cipitating the anchoring protein using anti-FLAG antibodies,
anti-PKN� antibodies were used to immunoblot the immuno-
precipitated samples. Western blots revealed that overexpres-
sion of increasing amounts of 14-3-3� progressively reduced
the ability of PKN� to co-immunoprecipitate with AKAP-Lbc
(Fig. 8, A, panel 1, lanes 2–4, and B). In line with these results,

FIGURE 5. PKN� directly interacts with MLTK, MKK3, p38�, and AKAP-Lbc. A, bacterially purified His6-tagged fragments (100 nM) encompassing residues
305–942 of PKN� and 1388 –1922 of AKAP-Lbc were incubated with glutathione-Sepharose beads coupled to 2 �g of GST alone, or GST-tagged p38�, MKK3,
MLTK, and AKAP-Lbc-(1388 –1922). Associated His6-tagged fragments were detected using anti-His6 monoclonal antibodies (upper panel). A control protein
staining indicating the expression level of the different GST-tagged constructs used in the pulldown assay is shown (lower panel). B, bacterially purified
His6-tagged fragments encompassing residues 1–305 of PKN� (100 nM) were incubated with glutathione-Sepharose beads coupled to 2 �g of GST alone, or
GST-tagged p38�, MKK3, MLTK, and AKAP-Lbc 1388 –1922. Associated His6-tagged fragments were detected as indicated in A.
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we could show that the S1565Amutant of AKAP-Lbc, which is
unable to bind 14-3-3, display a 2-fold higher ability to associate
with endogenous PKN�when comparedwith wild type AKAP-
Lbc (Fig. 8,C, panel 1, lanes 2 and 3, andD). This indicates that
recruitment of 14-3-3 inhibits PKN� binding to AKAP-Lbc.
To determine whether this reduction of PKN� binding

induced by 14-3-3 could affect the ability of AKAP-Lbc to
induce p38� activation, we compared the p38 activating poten-
tial of the wild type and 14-3-3 binding deficient forms of
AKAP-Lbc. We could show that deletion of the 14-3-3 binding

site increases by 2.7-fold the activation of p38� induced by the
anchoring protein (Fig. 8, E, upper panel, lanes 2 and 3, and F).
Collectively, these results suggest that 14-3-3 exerts an inhibi-
tory effect on the ability ofAKAP-Lbc to recruit and activate the
p38� signaling complex.

DISCUSSION

MAPkinase pathways are crucialmediators of several patho-
physiological responses induced by �1-adrenergic receptors (1,
9–11). Although evidence collected over the last years indicates

FIGURE 6. Silencing of PKN� inhibits AKAP-Lbc-mediated activation of
MLTK. A, extracts from HEK-293 cells infected with control lentiviruses (con-
trol) or lentiviruses encoding PKN� shRNAs (PKN� shRNA1) were subjected to
immunoprecipitation (IP) with either non-immune IgGs or affinity purified
anti-AKAP-Lbc polyclonal antibodies. Western blots of the immunoprecipi-
tates and the cell extracts were revealed using antibodies against p38� (pan-
els 1 and 2), MKK3 (panels 3 and 4), AKAP-Lbc (panel 5), PKN� (panel 6), or actin
(panel 7). B, HEK-293 cells infected with control lentiviruses or lentiviruses
encoding PKN� shRNAs (shRNA1 and shRNA2) were transfected with the plas-
mids encoding FLAG-MLTK in the presence of the vector encoding GFP or the
GFP-tagged AKAP-Lbc S1565A mutant. After a 24-h serum starvation, cells
were lysed and FLAG-MLTK was subjected to immunoprecipitation using
anti-FLAG monoclonal antibodies. Kinase reactions were performed by incu-
bating FLAG-MLTK immunoprecipitates with 1 �g of purified GST-MKK3 and
in the presence of ATP. Phospho-GST-MKK3 was detected by immunoblot (IB)
using a rabbit polyclonal antibody recognizing phosphoserine 189 and phos-
phothreonine 193 of MKK3 (panel 1). The amounts of immunoprecipitated
FLAG-MLTK as well as the expression of AKAP-Lbc S1565A-GFP and PKN� in
cell lysates were assessed using antibodies against the FLAG tag (panel 2), GFP
(panel 3), and PKN� (panel 4), respectively. Results are representative of three
independent experiments.

FIGURE 7. Disruption of the AKAP-Lbc complex inhibits �1b-AR-induced
p38� activation. A, HEK-293 cells were transfected with vectors encoding
GFP or GFP-tagged AKAP-Lbc fragment 1585–1715 in the absence or pres-
ence of the plasmid encoding the HA-tagged �1-AR. After a 24-h serum star-
vation, cells were incubated for 15 min with or without 10�4

M epinephrine
(EPI), lysed, and subjected to immunoprecipitation using anti-p38� monoclo-
nal antibodies. Kinase reactions were performed by incubating p38� immu-
noprecipitates with 1 �g of purified GST-ATF2 and in the presence of ATP.
Detection of phospho-ATF2 (panel 1), ATF2 (panel 2), p38� (panel 3), and HA-
tagged �1-AR (panel 5) were performed as indicated in Fig. 1A. Expression of
GFP as well as the GFP-tagged AKAP-Lbc fragment 1585–1715 (panel 4) was
detected using polyclonal anti-GFP antibodies. B, quantitative analysis of
phosphorylated ATF2 was obtained by densitometry. The amount of phos-
pho-ATF2 was normalized to the total amount of ATF2. Results are expressed
as mean � S.E. of 3 different experiments.). §, p � 0.05 as compared with
phospho-ATF2 levels measured in untreated cells expressing HA-�1b-ARs and
GFP. *, p � 0.05 as compared with phospho-ATF2 levels measured in epineph-
rine-treated cells expressing HA-�1b-ARs and GFP.
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that MAPK cascades are organized in transduction modules
(13), it is currently unknown how such signaling complexes are
assembled and activated in response to �1-adrenergic receptor
stimulation to generate specific cellular responses.Our findings
now indicate that the RhoA-selective exchange factor AKAP-
Lbc recruits a signaling module containing the RhoA effector
PKN� and the MLTK, MKK3, and p38� kinases, which trans-
duce activating signals from �1b-ARs down to p38�. In partic-
ular, whereas we have previously shown that �1b-ARs mediate
AKAP-Lbc activation through the � subunit of the heterotrim-
eric G protein G12 (2), our current model proposes that acti-
vated AKAP-Lbc promotes, through RhoA, the sequential acti-
vation PKN�,MLTK,MKK3, and p38�within the complex.On
the other hand, inactivation of AKAP-Lbc-mediated p38 sig-
naling occurs following the recruitment of 14-3-3 to AKAP-
Lbc. This promotes the dissociation of the p38� activation
module from AKAP-Lbc (Fig. 9) and deactivates AKAP-Lbc
Rho-GEF activity (19). Therefore, AKAP-Lbc represents a

molecular platform where signals that activate or deactivate
p38 signaling converge.
p38 kinases were originally described to mediate cellular

responses to various types of stresses (23, 26). During the last
decade, however, it has become increasingly clear that mem-
bers of this kinase family can participate in signaling pathways
activated by of a variety of other membrane receptors, includ-
ing cytokine and G protein-coupled receptors, to promote cel-
lular functions such as proliferation, growth, inflammation, and
contraction (23, 26). In particular, it was shown that activation
of p38� by �1-ARs can regulate arterial smooth muscle cell
contractility (27) and promote cardiomyocyte sarcomere
remodeling during cardiac hypertrophy (10).
Because of the implication of p38 kinases in such a variety of

crucial responses, the molecular mechanisms involved in their
activation has been the subject of intensive investigation. In this
context, it is well established that GTPases of the Rho family,
including RhoA, Rac1, and cdc42, are key mediators of p38

FIGURE 8. 14-3-3 inhibits the interaction between AKAP-Lbc and PKN�. A, HEK-293 cells were transfected with the empty pFLAG vector or the vector
encoding FLAG-AKAP-Lbc in combination with increasing amounts (indicated above each lane) of the plasmid encoding 14-3-3�-GFP. Cell extracts were
subjected to immunoprecipitation with anti-FLAG antibodies. Western blots of the immunoprecipitates and cell extracts were revealed using anti-PKN�
polyclonal antibodies (panels 1 and 2), anti-14-3-3� polyclonal antibodies (panels 3 and 4), or anti-FLAG monoclonal antibodies to detect the FLAG-AKAP-Lbc
(panel 5). B, densitometry of the bands corresponding to PKN� coimmunoprecipitated with AKAP-Lbc. The amount of PKN� in the immunoprecipitates was
normalized to the PKN� content of the cell extracts. Results are expressed as mean � S.E. of three independent experiments. *, p � 0.05 as compared with the
levels of co-immunoprecipitated PKN� measured in cells expressing only FLAG-AKAP-Lbc. C, extracts from HEK-293 cells transfected with plasmids encoding
the empty FLAG vector, FLAG-AKAP-Lbc, or FLAG-AKAP-Lbc S1565A. Cell extracts were subjected to immunoprecipitation (IP) with anti-FLAG antibodies.
Western blots of the immunoprecipitates and the cell extracts were revealed as indicated in A. D, densitometry of the bands corresponding to PKN� coimmu-
noprecipitated with AKAP-Lbc was performed as indicated in B. Results are expressed as mean � S.E. of three independent experiments. *, p � 0.05 as
compared with the levels of co-immunoprecipitated PKN� measured in cells expressing FLAG-AKAP-Lbc. E, extracts from HEK-293 cells transfected with the
vectors encoding FLAG-AKAP-Lbc-GFP or FLAG-AKAP-Lbc S1565A. After a 24-h serum starvation, cells were lysed and subjected to immunoprecipitation using
monoclonal anti-p38� antibodies. Kinase reactions and detection of phospho-ATF2 (panel 1), ATF2 (panel 2), and p38� (panel 3) were performed as indicated
in Fig. 1A. Expression of the AKAP-Lbc constructs was detected using anti-FLAG monoclonal antibodies (panel 4). F, quantitative analysis of phospho-ATF2 was
obtained as indicated in Fig. 1B. Results are expressed as mean � S.E. of three different experiments. *, p � 0.05 as compared with phospho-ATF2 levels
measured in cells expressing FLAG-AKAP-Lbc.
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activation induced by membrane receptors (10, 14, 24, 28).
However, how activation of Rho GTPases by upstream stimuli
is translated into the activation of a specific p38 pathway is far
from being entirely elucidated.
Two studies provided initial evidence that the GTPase Rac-1

and its upstream activator Tiam can recruit signaling com-
plexes containing p38 and its upstream activating kinases. In a
first study, Rac-1 was shown to directly bind to Osm, a scaffold
protein that recruitsMEKK3 andMKK3 (29). This complex has
been implicated in hyperosmotic shock-induced p38 activa-
tion. In a second study, the Rac-1 activator Tiam was shown to
recruit a p38 signaling complex formed by the scaffold protein
JIP2 and the kinases MLK3 and MKK3 (30). This study, how-
ever, did not determine which extracellular stimuli activate this
signalingmodule orwhetherTiamand JIP2 can forma complex
at the endogenous level.
More recently, elegant studies showed that the pro-myo-

genic cell surface protein Cdo can recruit two proteins named
Bnip-2 and JLP, which act as scaffolds for the Cdc42 and p38,
respectively (31, 32). The assembly of this signaling complex
promotes Cdc42-dependent p38 activation.
In this context, our current findings that AKAP-Lbc can

mediate�1-AR-induced p38 activation through the assembly of
a signaling module composed of PKN�, MLTK, MKK3, and
p38�, provide newmechanistic insights on how specific signals
can be vehiculated from membrane receptors to p38�. They
also highlight the key function of PKN� as a scaffold protein
that facilitates RhoA-dependent p38 activation. This view is
supported by our results showing that PKN� can directly inter-
act with AKAP-Lbc, MLTK,MKK3, and p38� (Fig. 5), and that

silencing of endogenous PKN� inHEK-293 cells can reduce the
interaction of endogenous p38� andMKK3 with AKAP-Lbc as
well as AKAP-Lbc-mediated MLTK activation (Fig. 6).
Interestingly, previous studies have shown that PKN� can

also promote the activation of p38� (28) potentially through its
ability to bind and activate MLTK and MKK6 (25). This sug-
gests that PKN� can recruit a different combination of signal-
ing enzymes to modulate the activation of different p38 iso-
forms. The molecular mechanisms regulating the interaction
between PKN� and p38 activating kinases are currently
unknown and will deserve further investigation. Based on our
co-immunoprecipitation experiments, which failed to detect an
interaction between p38� and AKAP-Lbc (results not shown)
one could raise the hypothesis thatAKAP-Lbcmight selectively
stabilize the interaction between PKN� and p38�.

In addition to PKN�, three other scaffold proteins including
JIP2, JIP4, andOsmhave been shown to promote p38 activation
(13, 29, 33). Interestingly, recent studies identified an interac-
tion between recombinant JIP4 and a splice variant of AKAP-
Lbc, called Brx, that contains only the last 1429 residues the
anchoring protein (34). However, whereas these studies
mapped the interaction determinants for JIP4 to the last 400
amino acids of Brx, they did not determine whether the two
proteins can interact at the endogenous level.
In control experiments, we could not detect the expression of

JIP4 inHEK-293 cell lysates (results not shown), suggesting that
JIP4 is unlikely to be involved in the recruitment of p38� and its
upstream kinases to AKAP-Lbc in this cell line. In line with this
conclusion, our results indicate that deletion of the PKN� bind-
ing site (residues 1585–1715) from AKAP-Lbc abolishes the
ability of the anchoring protein to recruit the p38� and its
upstream kinases MKK3 andMLTK (Fig. 4). This suggests that
the interaction between AKAP-Lbc and p38� is mediated by
the PKN� binding domain and does not involve additional
interaction sites. It is possible, however, that the ability of
AKAP-Lbc and Brx to recruit PKN� or JIP4 might be influ-
enced by the relative abundance of these scaffolding proteins in
different cell types.
Our current findings support the view that AKAP-Lbc spe-

cifically mediates �1-AR-induced p38� activation without
affecting activation of ERK1/2 and JNK (Figs. 1 and 7, and sup-
plemental Figs. S1 and S6). At the molecular level, this can be
explained by the fact that AKAP-Lbc forms a complex with
p38� and not with ERK and JNK (Figs. 2 and 3). Therefore, the
ability of AKAP-Lbc to transmit activating signals to specific
MAPK pathways is dictated by its ability to recruit specific
combinations of kinases. These results suggest therefore that
different signaling complexes might mediate �1-AR-induced
activation of ERK1/2 and JNK. In this respect, recent previous
findings indicate that the Rho-GEF p115 can recruit a scaffold-
ing protein named CNK1, which binds the kinases MLK2 and
MKK7 to coordinate the activation of JNK1 (35). Further inves-
tigations will be required to determine whether p115 or a dif-
ferent signaling complex is involved in the organization of the
JNK pathway downstream of �1b-ARs.
Members of the 14-3-3 family regulate a variety of transduc-

tion pathways either by affecting the catalytic activity, the sub-
cellular localization, or by regulating protein-protein interac-

FIGURE 9. Model for the AKAP-Lbc�p38� activation complex. AKAP-Lbc
assembles a signaling complex that includes the scaffolding protein PKN� as
well as MLTK, MKK3, and p38�. The AKAP-Lbc signaling complex is activated
in response to �1-AR stimulation through a G�12-mediated signaling path-
way (17). Activated AKAP-Lbc promotes the formation of RhoA-GTP, which, in
turn, induces the activation of a signaling cascade that includes PKN�, MLTK,
MKK3, and p38�. The recruitment of 14-3-3 inhibits AKAP-Lbc Rho-GEF activ-
ity (19), impairs the interaction between PKN� and AKAP-Lbc, and reduces
p38 activation.

AKAP-Lbc Organizes a p38 Activation Complex

7936 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 10 • MARCH 11, 2011

http://www.jbc.org/cgi/content/full/M110.185645/DC1
http://www.jbc.org/cgi/content/full/M110.185645/DC1


tion properties of signalingmolecules (36). It is well established
that 14-3-3 has an antagonistic effect on the p38 signaling path-
way (37, 38). This could be in part mediated by the inhibitory
action of 14-3-3 onAsk1, aMAPKKK that acts upstream of p38
(39). However, our current findings now suggest that 14-3-3
can inhibit AKAP-Lbc-mediated p38� activation by inducing
the dissociation of the PKN��MLTK�MKK3�p38� complex
from AKAP-Lbc (Fig. 8) as well as by inhibiting the Rho-GEF
activity of the anchoring protein (19). Therefore, our results
provide a new molecular explanation on how 14-3-3 proteins
can impair p38 signaling inside cells.
Given the proximity of the binding sites for 14-3-3 andPKN�

it is tempting to speculate that 14-3-3 recruitmentmight inhibit
the interaction between AKAP-Lbc and PKN� by directly
masking the PKN� interaction site on the anchoring protein.
This is reminiscent of the mechanism through which 14-3-3
has been shown to inhibit the interaction between the pro-
apoptotic protein Bad and pro-survival Bcl-2 family members
(40).
In conclusion, the implications of our findings are 2-fold.

First, they identify key molecular mechanisms controlling sig-
naling specificity downstream of �1b-ARs. By assembling a
macromolecular signaling complex containing RhoA, PKN�,
MLTK, MKK3, and p38�, AKAP-Lbc controls the specific
transduction of signals from �1b-ARs to p38�. Second, they
provide a novel hypothesis explaining the inhibitory action of
14-3-3 on the p38 pathway, suggesting that AKAP-Lbc might
represent a molecular platform integrating 14-3-3 and p38
signaling.
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