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In response to various pathological stresses, the heart undergoes
a pathological remodeling process that is associated with cardio-
myocyte hypertrophy. Because cardiac hypertrophy can progress
to heart failure, a major cause of lethality worldwide, the intra-
cellular signaling pathways that control cardiomyocyte growth
have been the subject of intensive investigation. It has been known
for more than a decade that the small molecular weight GTPase
RhoA is involved in the signaling pathways leading to cardiomy-
ocyte hypertrophy. Although some of the hypertrophic pathways
activated by RhoA have now been identified, the identity of the
exchange factors that modulate its activity in cardiomyocytes is
currently unknown. In this study, we show that AKAP-Lbc, an
A-kinase anchoring protein (AKAP) with an intrinsic Rho-specific
guanine nucleotide exchange factor activity, is critical for activat-
ing RhoA and transducing hypertrophic signals downstream of
al1-adrenergic receptors (ARs). In particular, our results indicate
that suppression of AKAP-Lbc expression by infecting rat neonatal
ventricular cardiomyocytes with lentiviruses encoding AKAP-Lbc-
specific short hairpin RNAs strongly reduces both a1-AR-mediated
RhoA activation and hypertrophic responses. Interestingly, a1-ARs
promote AKAP-Lbc activation via a pathway that requires the «
subunit of the heterotrimeric G protein G12. These findings iden-
tify AKAP-Lbc as the first Rho-guanine nucleotide exchange factor
(GEF) involved in the signaling pathways leading to cardiomyo-
cytes hypertrophy.
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Ventricular myocyte hypertrophy is an adaptive growth re-
sponse to a stress placed on the heart promoting an increase
in cardiac contractility. It is associated with a nonmitotic growth
of cardiomyocytes, increased myofibrillar organization, and up-
regulation of specific subsets of “fetal” genes that are normally
expressed during embryonic life (1). Because hypertrophy can
often progress to heart failure, a major cause of morbidity and
mortality worldwide, many efforts have been made during recent
years to define the molecular players involved in this patholog-
ical process.

In this respect, several lines of evidence collected over more
then 10 years indicate that adrenergic transmission mediated by
al-adrenergic receptors (ARs) can initiate signaling pathways
that control cardiomyocyte hypertrophy both in vitro and in vivo
(2-4). a1-ARs are seven transmembrane domain receptors that
can couple to and activate heterotrimeric G proteins of the Gq
and G12/G13 family (5). Although most of the studies have
focused on the role of the « subunit of Gq in mediating the
effects of a1-ARs on cardiomyocyte hypertrophy, recent evi-
dence now suggests that Ga12 and Ga13 also contribute impor-
tantly to the growth responses induced by these receptors (5). In
fact, it has been shown that a1-ARs, by means of the stimulation
of the a subunits of G12 and G13, can promote the activation of
the GTPase RhoA (5). In cardiomyocytes, this small molecular
weight GTP-binding protein promotes the activation of different
effector kinases, including Rho kinase (5, 6), protein kinase N
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(PKN) (7), and stress-activated protein (SAP) kinases (8), which
control the transcription of genes involved in cardiomyocyte
hypertrophy.

At the cellular level, the activation of Rho is controlled by Dbl
family guanine nucleotide exchange factors (GEFs), which all
share a Dbl homology (DH) domain and an adjacent pleckstrin
homology (PH) domain (9). The DH domain is responsible for
the guanine nucleotide exchange activity, whereas the PH do-
main controls the subcellular localization of the GEF or con-
tributes to the binding pocket for Rho-GTPases (10).

Recently, we identified an exchange factor expressed in the
heart, termed AKAP-Lbc, which functions as GEF for RhoA as
well as an A-kinase anchoring protein (AKAP) (11, 12). Inter-
estingly, AKAP-Lbc is regulated in a bidirectional manner by
signals that activate or deactivate its Rho-GEF activity. Activa-
tion of AKAP-Lbc occurs in response to agonists that stimulate
G proteins coupled receptors linked to the heterotrimeric G
protein G12 (11), whereas inactivation occurs through a mech-
anism that requires phosphorylation of AKAP-Lbc by anchored
PKA and subsequent recruitment of the regulatory protein
14-3-3 (13).

Although the implication of RhoA in the hypertrophic path-
ways activated by the al-AR is known by more than a decade
(14), the identity of the Rho-GEFs that mediate cardiomyocyte
hypertrophy has remained elusive mainly because of the unavail-
ability of reagents capable of inhibiting the function of exchange
factors in a specific manner. In the present study, we used a
lentivirus-based strategy to deliver AKAP-Lbc-specific short
hairpin (sh) RNAs into primary cultures of rat neonatal ven-
tricular cardiomyocytes (NVMs). Using this approach, we could
demonstrate that AKAP-Lbc plays a key role in mediating
al-AR-induced hypertrophic responses. In particular, we found
that AKAP-Lbc participates in a transduction pathway activated
by the «1-AR that includes Gal2, AKAP-Lbc, and RhoA that
promotes cardiomyocyte hypertrophy. Therefore, our findings
identify AKAP-Lbc as a Rho-GEF crucially involved in the
transduction pathways associated to cardiomyocyte hypertrophy.
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Results

«a1-AR Stimulation Up-Regulates AKAP-Lbc Expression in Cardiomyo-
cytes. Several lines of evidence demonstrate that RhoA plays an
important role in mediating the hypertrophic responses to
al-AR agonists in rat NVMs (5, 14), thus raising the question of
which cardiac Rho-GEF could mediate receptor-induced RhoA
activation. Interestingly, we found that primary cultures of rat
NVMs express several Rho selective exchange factors including
LARG, PDZ-Rho-GEF, p115 Rho-GEF, and AKAP-Lbc that
are known to be activated by G protein-coupled receptors
(GPCRs) [supporting information (SI) Fig. 5] (11, 15-18). We
initially determined by real-time quantitative PCR whether the
expression of these exchange factors could be modulated in
response to the hypertrophic stimulation of cardiomyocytes with
phenylephrine (PE). Interestingly, we found that treatment of
NVMs for 24 h with 107* M PE could increase AKAP-Lbc
mRNA expression by >7-fold without significantly affecting the
mRNA expression of the other exchange factors (Fig. 14).
Up-regulation of AKAP-Lbc expression was already detectable
6 h after PE treatment as assessed by Northern blot and by
real-time PCR (Fig. 1 B Upper and C), suggesting that that the
stimulation of AKAP-Lbc expression precedes the phenotypic
appearance of the cardiomyocyte hypertrophy, which is detect-
able 24 h after PE treatment. Moreover, stimulation of NVMs
for 24 h with 10™* M of isoproterenol did not induce any
detectable increase in the expression of AKAP-Lbc suggesting
that AKAP-Lbc up-regulation is selectively induced in response
to the chronic activation of al-ARs but not B-ARs (Fig. 1C).

We then examined whether AKAP-Lbc was also up-regulated
in vivo during pathological cardiac hypertrophy. To address this
issue we analyzed AKAP-Lbc expression in the left ventricular
tissue from mice that were subjected to a chronic infusion of PE
(100 pgkg='day~') for a period of 14 days (19). In agreement
with previous reports, this chronic PE treatment increased the
cardiac weight index by 21% (SI Fig. 6). Interestingly, we found
that ventricular expression of AKAP-Lbc and that of the hyper-
trophic marker atrial natriuretic factor (ANF) were increased in
response to PE infusion by 3.5- and 4.6-fold, respectively (Fig.
1D). Altogether, these findings raise the intriguing hypothesis
that AKAP-Lbc could participate in the early molecular events
that promote PE-induced cardiomyocyte hypertrophy.

Silencing AKAP-Lbc Expression in Rat NVMs Using Lentivirus-Encoded
Short Hairpin (sh) RNAs. To examine the potential implication of
AKAP-Lbc in al-AR-induced cardiomyocyte hypertrophy, we
developed a lentivirus-based strategy to deliver shRNAs specific
to AKAP-Lbc into rat NVMs. To allow a direct visualization of
the infected cells, recombinant lentiviruses were engineered to
express the GFP in addition to the specific shRNAs. To inves-
tigate the role of AKAP-Lbc in al-AR-induced hypertrophy we
generated the following lentiviruses: a control virus expressing
only GFP, a virus encoding AKAP-Lbc-specific shRNA and
virus encoding a mutated AKAP-Lbc shRNA. By infecting of rat
NVMs with these lentiviruses using a multiplicity of infection
(moi) of 50, we could reach infection rates that ranged from 89%
to 93% (SI Fig. 7).

Silencing efficiency was evaluated 96 h after infection in
cardiomyocytes that were incubated for 24 h in the absence or
presence of 107* M PE by measuring the expression of AKAP-
Lbc mRNA by real-time PCR. AKAP-Lbc silencing was assessed
by using this technique because our anti-AKAP-Lbc antibodies
recognize only the human but not the rodent forms of AKAP-
Lbc. As shown in Fig. 1E, infection of cardiomyocytes with
lentiviruses expressing AKAP-Lbc-specific shRNAs resulted in
a 87% down-regulation of AKAP-Lbc mRNA expression either
under basal conditions or after PE treatment as compared with
cells infected with control lentiviruses expressing only GFP. In
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Fig. 1.  PE selectively up-regulates AKAP-Lbc expression in cardiomyocytes.
(A) Real-time PCR analysis of the mRNA expression of various Rho-GEFs was
performed on total RNA samples extracted from rat NVMs that were left
untreated or that were stimulated for 24 h with 10~4 M PE. (B) Northern blots
were prepared with 20 pg of total RNAs extracted from rat NVMs that were
left untreated or were stimulated for 6 h and 24 h with 10~% M PE. Blots were
hybridized with cDNA probes corresponding to the first 500 nucleotides of the
rat AKAP-Lbc. (C) Real-time PCR analysis of AKAP-Lbc mRNA expression was
performed on total RNA samples extracted from rat NVMs that were left
untreated or were stimulated for 6 h and 24 h with 10-4 M PE or isoproterenol.
(D) Real-time PCR analysis of AKAP-Lbc and ANF mRNA expression was per-
formed on total RNA samples extracted from C57B6 mice that were left
untreated orinfused for 14 days with 100 ng/kg/day of PE. (E) shRNA-mediated
knockdown of AKAP-Lbc expression. NVMs were infected with lentiviruses
encoding GFP (control), or lentiviruses encoding both GFP and wild-type or
mutated AKAP-Lbc shRNAs at a moi of 50. Seventy-two hours after infection
cells were incubated for 24 h with or without 10~% M PE. RNAs were extracted
and AKAP-Lbc expression analyzed by real-time PCR. Results are the mean =
SE of three independent experiments.

contrast, the mutated AKAP-Lbc shRNA had no effect on
expression AKAP-Lbc levels. Importantly, the AKAP-Lbc
shRNA did not alter the mRNA expression of p115-Rho-EGF,
PDZ-Rho-GEF, and LARG (results not shown), suggesting that
it represents a valuable specific tool for inhibiting the expression
of AKAP-Lbc in rat NVMs.

AKAP-Lbc Is Involved in a1-AR-Mediated Rho Activation in Cardiomy-
ocytes. Recent evidence suggests that, in rat NVMs, al-ARs can
induce Rho activation via Gal2 (5). In agreement with these
findings, we found that infection of rat NVMs with lentiviruses
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Fig. 2. Silencing of AKAP-Lbc expression inhibits «1-AR-mediated Rho acti-

vation in cardiomyocytes. (A) Rat NVMs were infected with lentiviruses en-
coding GFP (control), both GFP and wild-type or mutated AKAP-Lbc shRNAs,
or the Ga12 G228A mutant at a moi of 50. Seventy-two hours after infection,
cells were incubated for 15 min with or without 10~4 M PE. Cell lysates were
incubated with GST-RBD beads. The bound RhoA was detected with a mono-
clonal anti-RhoA antibody (Top). The relative amount of total RhoA and Ga12
G228A mutant in the cell lysates were assessed by using a monoclonal anti-
body against RhoA (Middle) and a polyclonal antibody against Ga12 (Bottom),
respectively. (B) Quantitative analysis of the GTP-RhoA associated with RBD
beads was obtained by densitometry. The amount of RhoA bound to RBD was
normalized to the RhoA content of cell extracts. Results are expressed as
mean = SE of four independent experiments. Statistical significance was
analyzed by paired Student’s test. *, P < 0.05 as compared with Rho-GTP levels
measured in PE stimulated cardiomyocytes infected with control lentiviruses.

encoding the dominant negative mutant of Ga12 (Gal2 G228A)
(20) (SI Fig. 7) inhibited by 79% the activation of RhoA induced
by PE as assessed by using the Rhotekin pulldown assay (Fig. 2
A Top, lanes 3 and 4, and B). Based on these results and on our
previous findings showing that AKAP-Lbc is a Gal2-activated
Rho-GEF (11), we tested the hypothesis that AKAP-Lbc could
mediate the activation of RhoA downstream of al-ARs. To
address this point, we assessed the impact of silencing AKAP-
Lbc expression in rat NVMs on the ability of PE to induce RhoA
activation. Interestingly, infection of rat NVMs with lentiviruses
encoding AKAP-Lbc-specific shRNA impaired by 64% the
ability of PE to induce the formation of active GTP-bound RhoA
as compared with cells infected with control lentiviruses or
lentiviruses expressing the mutated AKAP-Lbc shRNA (Fig. 2
A Top and B).

The residual effect of PE on the activation of RhoA observed
in silenced cardiomyocytes might be due an incomplete down-
regulation of the expression of AKAP-Lbc (Fig. 1E). Alterna-
tively, one could hypothesize that an additional Rho-GEF that
might mediate part of the activation of Rho in response to the
stimulation of al-ARs. Collectively, these findings strongly
suggest that, in rat NVMs, Gal2 and AKAP-Lbc are crucially
involved in the activation of Rho in response to a1-AR agonists.

10142 | www.pnas.org/cgi/doi/10.1073/pnas.0701099104

Both a1A- and «1B-AR Subtypes Can Activate Rho via a Ga12-AKAP-
Lbc Pathway. Rat NVMs express ala- and a1b-AR subtypes, both
of which have been shown to participate in the generation of
hypertrophic signals (4). To determine whether both these
al-AR subtypes can mediate Rho activation via AKAP-Lbc, we
determined whether AKAP-Lbc silencing could impair the
formation of Rho-GTP induced by the overexpressed ala- or
alb-ARs in HEK-293 cells. Infection of the HEK-293 cells with
lentiviruses encoding shRNAs specific to the human form of
AKAP-Lbc reduced the expression of the anchoring protein to
undetectable levels (SI Fig. 8 4 and B, AKAP-Lbc panel, lanes
5 and 6) and impaired the ability of ala- and a1b-ARs to induce
the formation of Rho-GTP in the presence of PE by 55% and
78%, respectively (SI Fig. 8 4 and B Top, lane 6). No inhibition
of Rho activation was observed in cells infected with control
lentiviruses encoding the mutated AKAP-Lbc shRNA (SI Fig. 8
A and B Top, lanes 9 and 10). Interestingly this inhibitory effect
was totally reversed when HEK-293 cells were transfected with
asilencing resistant mutant of AKAP-Lbc (SI Fig. 84 and B Top,
lanes 7 and 8) suggesting that the inhibition of RhoA activation
was strictly dependent on reduced AKAP-Lbc expression and
not due to an off-target effect. Collectively, these results strongly
suggest that both ala- and a1b-AR subtypes activate RhoA via
AKAP-Lbc.

To provide direct evidence that ala- and alb-AR subtypes
activate AKAP-Lbc, we determined whether the stimulation of
these receptors by PE could enhance the interaction between
AKAP-Lbc and endogenous RhoA. Importantly, we have pre-
viously shown that the formation AKAP-Lbc-RhoA complexes
reflects the activation state of AKAP-Lbc (21). Serum starved
HEK-293 cells expressing Flag-tagged AKAP-Lbc in the absence
or presence of the ala- and alb-AR subtypes were stimulated
for 15 min with PE. AKAP-Lbc was then immunoprecipitated by
using anti-Flag antibodies and the presence of associated RhoA
determined by immunoblot. Activation of both ala- and a1b-AR
subtypes induced a significant increase in the amount of RhoA
associated with AKAP-Lbc (SI Fig. 9 Top, lanes 5 and 6 and 9
and 10). This effect was impaired when cells were cotransfected
with the dominant negative mutant of Ga12 (20) suggesting that
both a1-AR subtypes induce AKAP-Lbc activation via Ga12 (SI
Fig. 9 Top, lanes 7 and 8 and 11 and 12).

AKAP-Lbc Mediates «1-AR Induced Cardiomyocyte Hypertrophy.
Based on the above results, we investigated the possibility that
the Gal2-AKAP-Lbc-RhoA signaling cascade could mediate
al-AR-induced cardiomyocyte hypertrophy. To address this
hypothesis, we measured the effect of inhibiting AKAP-Lbc
expression in rat NVMs on the hypertrophic responses induced
by al-ARs.

Induction of cardiomyocyte hypertrophy was initially assessed
by measuring cell size as well as sarcomere assembly and
reorganization. In NVMs infected with control lentiviruses or
lentiviruses encoding mutated AKAP-Lbc shRNAs, treatment
with PE for 24 h induced a 60—63% increase in cell size and led
to the assembly of highly ordered sarcomeres as visualized by
staining cardiomyocytes by using anti-c-actinin antibodies (Fig.
3). Interestingly, these effects were profoundly impaired in
cardiomyocytes expressing AKAP-Lbc shRNAs, in which PE
treatment could only induce a 23% increase in cell size and a
modest reorganization of the sarcomeres (Fig. 3).

Next, we determined whether silencing the expression of the
anchoring protein could also affect the PE-mediated induction
of hypertrophic genes including a-actinin, skeletal a-actin and
ANF. In agreement with our results showing that AKAP-Lbc
mediates hypertrophic cardiomyocyte growth, we could show
that suppression of AKAP-Lbc expression strongly inhibits
PE-mediated induction of a-actinin, as assessed by immunoblot
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Fig. 3. Silencing of AKAP-Lbc expression inhibits a1-AR-mediated cardio-

myocytes hypertrophy. (A) Rat NVMs were infected with lentiviruses encoding
GFP (control), both GFP and wild-type or mutated AKAP-Lbc shRNAs, or the
Ga12 G228A mutant at a moi of 50. Seventy-two hours after infection, cells
were incubated for 24 h in the absence or presence of 10~4 M PE. Cells infected
with control lentiviruses were treated with or without 2 ug/ml of C3 botuli-
num toxin before the incubation with PE. Cells were then fixed, permeabil-
ized, and incubated with anti-a-actinin monoclonal antibodies as well as
rhodamine-conjugated anti-mouse secondary antibodies. GFP expression was
visualized directly by fluorescent excitation at 490 nm. (B) Mean cell surface
area (= SE) of cardiomyocytes infected and treated as indicated in A. The cell
surface area was determined on a total of 150 GFP-positive cardiomyocytes
derived from five independent experiments by using the Image J software.
Statistical significance was analyzed by paired Student’s test. *, P < 0.05 as
compared with the cell surface area measured in PE stimulated cardiomyo-
cytes infected with control lentiviruses.

(Fig. 44 Upper, lanes 7 and 8), as well as of ANF and skeletal
a-actin, as assessed by real-time PCR (Fig. 4B).

A similar inhibition of «al-AR-activated hypertrophic re-
sponses was observed after impairing the function of endoge-
nous Rho by using the C3 botulinum toxin (Figs. 3 and 4) or after
inhibiting Ga12 by infecting cells with lentiviruses expressing the
dominant negative mutant of Gal2 (Figs. 3 and 4). These
findings are consistent with the idea that the Ga12-AKAP-Lbc
RhoA pathway is involved in al-AR-induced cardiomyocytes
hypertrophy.

To determine the influence of the activation state of AKAP-
Lbc on its ability to induce cardiomyocytes hypertrophy, we
compared the basal growth response induced by AKAP-Lbc-
GFP or by a GFP-tagged constitutively active truncated form of
AKAP-Lbc missing the N-terminal inhibitory region (21). We
found that whereas AKAP-Lbc-GFP does not promote any
significant increase in cardiomyocytes size in rat NVM under
basal conditions, a strong hypertrophic response can be observed
in cardiomyocytes expressing the constitutively active form
(SI Fig. 10). These results are in agreement with our previous
findings showing that AKAP-Lbc displays a weak basal Rho-
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Fig.4. Silencing of AKAP-Lbc expression inhibits a1-AR-mediated induction
of hypertrophic markers. (A) Cardiomyocytes were infected and treated with
PE as indicated in Fig. 3. The relative expression of a-actinin, g-tubulin, and
Ga12 G228A mutant in the cell lysates was assessed by using a monoclonal
antibody against a-actinin (Top), B-tubulin (Middle), and a polyclonal anti-
body against Ga12 (Bottom), respectively. (B) Real-time PCR analysis of ANF
and skeletal a-actin (Ska) mRNA expression was performed on total RNA
samples extracted from rat ventricular cardiomyocytes that were infected and
treated with PE as indicated in Fig. 3. All results are expressed as mean = SE of
three independent experiments. Statistical significance was analyzed by
paired Student’s test. *, P < 0.05 as compared with ANF or Ska levels measured
in PE-stimulated cells infected with control lentiviruses. (C and D) Cardiomy-
ocytes were infected with lentiviruses expressing AKAP-Lbc shRNAs and sub-
sequently transfected with the empty Flag vector or with the cDNA encoding
the Flag-tagged silencing resistant mutant of AKAP-Lbc. Forty-eight hours
after transfection, cells were incubated for 24 h in the absence or presence of
PE. Cells were then fixed, permeabilized, and incubated with anti-Flag mono-
clonal antibodies as well as rhodamine-conjugated anti-mouse secondary
antibodies to detect the expression of the Flag-AKAP-Lbc mutant. GFP expres-
sion was visualized directly by fluorescent excitation at 490 nm. The mean cell
surface area (*SE) of cardiomyocytes was determined as indicated in Fig. 3B.
Statistical significance was analyzed by paired Student’s test. *, P < 0.05 as
compared with the cell surface area measured in PE-stimulated cardiomyo-
cytes infected with lentiviruses encoding AKAP-Lbc shRNAs.

GEF activity (11), and they suggest that AKAP-Lbc can promote
cardiomyocyte hypertrophy only when activated.
To determine whether the impairment of PE-induced hyper-
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trophy induced by the AKAP-Lbc shRNAs was strictly related to
the inhibition of AKAP-Lbc expression and not to the nonspe-
cific down-regulation of additional signaling components, we
determined whether reexpressing AKAP-Lbc in silenced cardi-
omyocytes could restore the hypertrophic response to PE. Rat
NVMs were infected by using lentiviruses encoding AKAP-Lbc
shRNAs and subsequently transfected with the cDNA encoding
a Flag-tagged silencing resistant mutant of AKAP-Lbc (Fig. 4 C
and D). Interestingly, we found that reexpression of recombinant
AKAP-Lbc completely restored PE-induced hypertrophy (Fig. 4
C and D), confirming the hypothesis that AKAP-Lbc is an
important mediator of the hypertrophic responses activated by
the al-ARs in cardiomyocytes.

We finally assessed whether AKAP-Lbc could also contribute
to the hypertrophic responses initiated by other GPCR-agonists,
such as angiotensin II (Ang-1I) and endothelin 1 (ET-1), that can
promote RhoA activation in cardiomyocytes (8, 22). As shown in
SI Fig. 11 rat NVMs infected with lentiviruses encoding AKAP-
Lbc shRNAs displayed a 35-40% inhibition of Ang-II- or
ET-1-induced ANF expression as compared with cardiomyo-
cytes infected with mutated shRNAs. These results suggest that,
whereas AKAP-Lbc seems to be primarily involved in the
hypertrophic pathways activated by PE, it might also partially
contribute to the growth pathways initiated by Ang-1I and ET-1.

Discussion

The implication of the Rho signaling pathway in cardiomyocyte
hypertrophy has been largely investigated primarily by using the
primary cultures of rat NVMs as a model system. Whereas many
hypertrophic pathways activated by RhoA have been identified,
the signaling molecules involved in the transduction of signals
from membrane receptors to RhoA have been only partially
elucidated.

In the present study, we demonstrate that the Rho-specific
exchange factor AKAP-Lbc is crucially involved in the hyper-
trophic pathway activated by the a1-ARs in primary cultures of
rat NVMs. In particular, our results indicate that suppression of
AKAP-Lbc expression not only reduces PE-indicated RhoA
activation but also impairs al-AR-mediated cardiomyocyte hy-
pertrophy. Interestingly, the Rho-GEF activity of AKAP-Lbc is
stimulated by both a1A- and a1B-AR subtypes and is mediated
by the « subunit of the heterotrimeric G protein G12. Overall,
these findings identify AKAP-Lbc as a critical Rho-GEF in-
volved in the activation of hypertrophic signaling pathways in
response to PE. The fact that AKAP-Lbc is partially contributes
to the of the hypertrophic responses induced by Ang-1I and ET-1
suggests that this Rho-GEF might play some more general roles
in the growth responses activated by GPCRs coupled to the Rho
pathway.

For many years it has been assumed that, in cardiomyocytes,
al-ARs activate RhoA only via a Gag-dependent pathway (14).
This conclusion was drawn mainly on the basis of the observa-
tions that al-ARs are preferentially coupled to Gaq and that
overexpression a constitutively activated form of Gaq in cardi-
omyocytes induces Rho activation (14, 23). This idea is now
challenged by the recent studies from the Kurose group, who
have shown that, in cardiomyocytes, al-ARs receptors can
mediate RhoA activation mainly via Gal2 and Gal3 (5). Our
current results showing that the overexpression of a dominant
negative mutant of Gal2 strongly reduces the activation of
RhoA by PE in rat NVMs support these findings and underline
the importance of the Gal2-RhoA pathway in the induction of
cardiomyocyte hypertrophy.

So far, only a few Rho-GEFs have been identified in cardio-
myocytes. Recently, two sarcomere-associated Rho-GEFs,
termed obscurin and p63Rho-GEF, have been proposed to
control the organization of the sarcomeric cytoskeleton in rat
NVMs (24, 25). Interestingly, p63Rho-GEF was shown to be
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activated by Gaq (but not by Ga12 or Ga13) in HEK-293 cells
(26). However, it is currently unknown whether Gg-coupled
GPCRs can promote the activation of this exchange factor in
cardiomyocytes.

We have shown that rat NVMs, in addition to AKAP-Lbc, also
express the Gal2/Gal3-activated exchange factors p115-Rho-
GEF, PDZ-Rho-GEF, and LARG. Whereas our studies indicate
that their expression in cardiomyocytes is not significantly
increased after the chronic stimulation of al-ARs, it will be
interesting to determine whether these Rho-GEFs could be
regulated by other Ga12/Gal13-coupled GPCRs, including Ang-
II, ET-1, or lysophosphatidic acid (LPA) receptors, which are
known to activate RhoA and induce hypertrophy in cardiomy-
ocytes. Interestingly, studies performed in HeLa cells, indicate
that silencing the expression of PDZ-Rho-GEF by using specific
si-RNAs abolishes the Rho response induced by LPA receptors
(27). However, whether this Rho-GEF acts downstream of LPA
receptors also in cardiomyocytes remains to be elucidated.

In addition to the Gal2-AKAP-Lbc-Rho pathway described
here, other signaling cascades activated by Gaq have been shown
to play a major role in the hypertrophic responses induced by
al-ARs. In fact, it has been shown that Gaq, by means of the
activation of phospholipase C, the production of inositol-3,4,5-
triphosphate, and the mobilization of calcium from intracellular
stores, regulates the function of calcineurin, a serine/threonine
phosphatase that controls the activity of the hypertrophic tran-
scription factor NFAT (28). Alternatively, Gaq can promote
cardiomyocytes growth by means of the activation of mitogen
activated protein kinase signaling cascades (29) or through the
stimulation of a protein kinase C (PKC)-protein kinase D
(PKD) pathway, which enhances hypertrophic gene transcription
by means of the regulation of chromatin-modifying enzymes
(30). Interestingly, inhibition of either of these pathways strongly
impairs al-AR-induced cardiomyocyte hypertrophy suggesting
that, taken individually, Gal2 and Gag-mediated transduction
cascades are necessary but not sufficient to mediate the growth
response to al-AR agonists.

It has been recently shown that AKAP-Lbc, in addition of
activating RhoA, can also assemble a signaling complex that is
required for PKD activation (31). Because PKD controls trans-
duction pathways that regulate the transcription hypertrophic of
genes, it would be interesting to determine whether AKAP-Lbc
can promote cardiomyocyte hypertrophy also through the reg-
ulation of this kinase.

In conclusion, the implications of our findings are twofold.
Firstly, they identify AKAP-Lbc as the first Rho-GEF involved
in the signaling pathways leading to cardiomyocytes hypertrophy.
Secondly, they identify cardiomyocyte hypertrophy as the first
pathophysiological response linked to AKAP-Lbc activity.

Materials and Methods

Standard methods discussing the generation of expression con-
structs, cell culture and transfection, Northern blot experiments,
the purification of recombinant proteins in bacteria, immuno-
precipitation experiments, Rhotekin pulldown assays, SDS/
PAGE and Western blotting, and immunofluorescence micros-
copy are described in SI Materials and Methods.

Production of Lentiviruses. VSV-G pseudotyped lentiviruses were
produced by cotransfecting 293-T cells with 20 pg of the
pSD28-GFP or pAB286.1 vectors (32) containing the AKAP-
Lbc shRNA cassette, 15 ug of pPCMVDRS8.91 (33), and 5 ug of
pMD2.VSVG (33) by using the calcium phosphate method.
Culture medium was replaced by serum-free DMEM at 12 h
after transfection. Cell supernatants were collected 48 h later,
filtered through a 0.45-pum filter unit, concentrated by using
Centricon-Plus-70 MW 100,000 columns (Millipore), resus-
pended in PBS and reconcentrated by using Centricon-20 col-
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umns (Millipore, Bedford, MA). Virus titers were determined by
infecting 293-T cells by using serial dilutions of the viral stocks
and by scoring either the number of GFP-positive cells (at 72 h
after infection) or puromycin-resistant clones (at 6 days after
infection). Titers determined by using these methods were
between 7 X 108 and 1.2 X 10° transducing units (TU)/ml for
viruses generated from pSD28 vectors and between 3 X 103 and
7 X 108 TU/ml for viruses generated from pAB286.1 vectors.

Lentiviral Infection. HEK-293 cells were infected at 60% conflu-
ency by using pAB286.1-based lentiviruses encoding wild-type
or mutated AKAP-Lbc shRNAs at a moi of 10 in the presence
of 8 ug/ml of polybrene. Two days after infection, puromycin was
added to the culture medium at a final concentration of 2 wg/ml.
After 4 days of selection, puromycin-resistant cells were col-
lected an amplified in selective medium containing puromycin at
a final concentration of 2 pg/ml.

Rat neonatal ventricular cardiomyocytes were infected 24 h
after plating by using pSD28-based lentiviruses encoding wild
type or mutated AKAP-Lbc shRNAs or the Gal2 G228A
mutant at a moi of 50 in maintenance medium containing 5%
horse serum and 8 pg/ml of polybrene. Twenty-four hours after
infection, cardiomyocytes were incubated in maintenance me-
dium for an additional 48 h. For rescue experiments, cardiomy-
ocytes were transfected 24 h after infection with 4 g of the
c¢DNA encoding the silencing-resistant Flag-tagged AKAP-Lbc
mutant by using Lipofectamine 2000. Transfection was per-
formed in maintenance medium containing 5% horse serum in
the absence of antibiotics for a period of 2 h. Cells were then
incubated in maintenance medium for an additional 48 h.
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Chronic Phenylehrine Infusion. Phenylehrine (100 pg-kg ™ '-day ! in
0.2% ascorbic acid) was infused for 14 days through osmotic
minipumps with a mean fill volume of 200 ul (Alzet model 2002,
Alza Corp) that were implanted s.c. in the back of 12-week-old
C57B6 male mice. Previous findings have shown that this dose
of PE does not elevate blood pressure but is able to induce
ventricular hypertrophy (19). After the treatments, the animals
were killed, and total mRNA was extracted from heart ventricles.

Real-Time PCR. Determination of the mRNAs levels of AKAP-Lbc,
p115-Rho-GEF, PDZ-Rho-GEF, LARG, ANF, and skeletal
a-actin in rat neonatal cardiomyocytes and in C57B6 mouse
ventricles was carried out by real-time RT-PCR analysis by using a
LightCycler Instrument (Roche Applied Science). Total mRNA
was extracted from rat cardiomyocytes or from the heart ventricles
of C57B6 mice, and single-strand cDNA was synthesized from 2.5
pg of total RNA by using random hexamers (Applied Biosystems)
and SuperScript II reverse transcriptase (Invitrogen). RT-PCR
reactions were prepared by using a LightCycler kit (Eurogentec,
Belgium) in a final volume of 20 ul containing 125 ng of reverse-
transcribed total RNA and 0.5 ul of SYBR Green in the presence
of the following forward and reverse primers described in SI
Material and Methods. Glyceraldehyde-3-phosphate dehydrogenase
mRNA was used as invariant internal control. The relative amount
of all mRNAs was calculated by using the LightCycler analysis
software Version 3.5.
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