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Abstract
The Ser/Thr-specific phosphatase PHLPP (pleckstrin homology domain leucine-rich repeat protein
phosphatase) regulates the amplitude and duration of agonist-evoked Akt signaling by
dephosphorylating the hydrophobic motif (Ser473) of Akt, therefore inactivating Akt. We recently
reported that gene transfer of adenylyl cyclase type 6 (AC6) into neonatal rat cardiac myocytes was
associated with increased Akt phosphorylation and activity. To determine the underlying
mechanisms for AC6-associated increase in Akt activation, we determined how AC6 gene transfer
regulated the activity of PHLPP2 (one of the three PHLPP family phosphatases) in neonatal rat
cardiac myocytes. We found that increased Akt activity was associated with inhibition of PHLPP2
activity by AC6. AC6 was physically associated with PHLPP2, which prevents PHLPP2 mediated
Akt dephosphorylation. However, isoproterenol or forskolin stimulation immediately activated
PHLPP2, which resulted in markedly dephosphorylation of Akt at Ser473. Activation of PHLPP2
by isoproterenol and forskolin was cAMP-independent, but required an intact cytoplasmic domain
of AC6. Mutation in the cytoplasmic domain of AC6 abolished agonist-induced PHLPP2 activation.
This novel bidirectional regulation of Akt activity may contribute to the unexpected favorable effects
of AC6 on the failing heart.

Introduction
The Akt (PKB) signaling plays important roles in the heart by balancing cell survival and
programmed cell death, and thereby influences cardiac function [1,2]. Akt is activated by stress
and extracellular signals that activate phosphoinositide 3-kinase (PI3K) through interaction
with tyrosine kinase receptors. Activated PI3K catalyzes phosphatidylinositol bisphosphate
(PIP2) to generate phosphoinositide 3 (PIP3) [3,4]. PIP3 binds to the PH domain on Akt and
recruits Akt to the inner surface of the plasma membrane to be phosphorylated on Akt activation
loop (Thr308 in Akt1) by PDK-1 [5] and hydrophobic motif (Ser473 in Akt1) by a functional
mTOR2 complex (SIN1-mLST8-rictor-mTOR) [6,7]. Akt activity is negatively regulated by
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phosphatase and tensin homolog (PTEN) through blocking the formation of PIP3 [8] and by
PH domain leucine-rich repeat protein phosphatase (PHLPP), a phosphatase that directly
dephosphorylates Akt at Ser473 [9–11].

PHLPP belongs to protein phosphatase 2C (PP2C) family and comprises three isoforms:
PHLPP1α, PHLPP1β and PHLPP2. The PHLPP protein contains a PH domain followed by a
leucine rich region, a PP2C catalytic domain and a PDZ binding motif at the C-terminus. In
addition, PHLPP1β and PHLPP2 contain a Ras-association domain (RA domain) preceding
the PH domain [9–11]. The homologue of PHLPP in yeast termed “CYR1” retains PHLPP
domain structure. In addition, it contains an adenylate cyclase (AC) domain at the C-terminus
of the CYR1 protein [12], which indicates a close link between PHLPP and AC. Recent studies
by Newton’s group showed that PHLPP controls the amplitude and duration of agonist-evoked
Akt signaling by dephosphorylation of Akt at Ser473, therefore inactivating Akt [9–11].
Increased expression of PHLPP in cancer cells rapidly dephosphorylates Akt at Ser473,
showing the high efficiency of the phosphatase, while knockdown of PHLPP is associated with
increased Akt phosphorylation, confirming the specificity of PHLPP as an Akt phosphatase
[9–11]. However, how endogenous PHLPP is activated remains unknown.

The function of PHLPP in cardiac myocytes has not been determined. When studying how
gene transfer of adenylate cyclase type 6 (AC6) increased phosphorylation of Akt in cardiac
myocytes [13], we discovered that Akt phosphorylation at Ser473 was rapidly disappeared
upon agonist stimulation. The current study is focused upon determining how the PHLPP2
phosphatase was activated by agonist stimulation, therefore, provide mechanisms for the
bidirectional regulation of Akt activity in cardiac myocytes expressing AC6.

Methods and materials
Antibodies to Akt, phospho-Akt, and PI3K subunit p85 were purchased from Cell Signaling.
Anti-PHLPP2 antibody and PHLPP2 blocking peptide were purchased from Bethyl
Laboratories. PHLPP2 siRNAs were obtained from Dharmacon RNA Technologies. Anti-
AC5/6 and anti-SCOP (PHLPP1) were obtained from Santa Cruz Biotechnology. Anti-AU1
antibody and its blocking peptide were purchased from Convance. Fugene HD and X-treme
GENE SiRNA transfection reagents were obtained from Roche. Kinase inhibitors PKI and H89
were obtained from Calbiochem and Rp-8-CPT-cAMP was purchased from Biolog Life
Science Institute. Isoproterenol and forskolin were purchased from Sigma. NKH477, a water-
soluble forskolin derivative was obtained from Nippon Kayaku, Japan. Quick-change II kit
was obtained from Stratagene.

Generation of recombinant adenovirus encoding AC6 mutant: The mutant of AC6 was
generated by mutating aspartic acid (D) at position 426 to alanine (A) in the C1 domain of AC6
using the Quick-change kit. The primers are: m6C1F: 5′
CAAGATCTTAGGAGCCTGTTACTACTGCGTG and m6C1R: 5′
CACGCAGTAGTAACAGGCTCCTAAGATCTTG. The PCR fragment containing D426A
was ligated to rest of AC6 fragments and the full length AC6 mutant was tagged with an AU1
epitop (DTYRYI) at the C-terminus. The recombinant adenovirus expressing AC6 mutant
(Ad.AC6mut) was generated through co-transfection of pACCMV- AC6mut with pJM17 into
H293 cells.

Cardiac myocyte culture and gene transfer: Neonatal rat cardiac myocytes were isolated and
cultured as previously described [13].

Transfection of cardiac myocytes with plasmid DNA or siRNA: Isolated cardiac myocytes,
one day after plating, were transfected with PHLPP2 DNA (2 μg/9.6 cm2) using Fugene HD
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(10 μl/9.6 cm2), or with siRNAs (100 nM) using X-treme GENE SiRNA reagent (4 μl/9.6
cm2) followed the instructions from manufacture.

Cyclic AMP measurement: Adenylyl cyclase activity was determined by measuring the amount
of cAMP using cAMP Biotrak Enzymeimmunoassay System (GE Healthcare) following the
instruction from manufacture.

Immunoblotting analysis and Immunofluorescence staining were performed as previously
described [13].

Co-Immunoprecipitation was performed as previously described [14].

Results
Regulation of PHLPP2 activity

Gene transfer of AC6 did not alter the PHLPP2 expression (Fig. 1A), but greatly increased
phosphorylation of Akt at both Ser473 and Thr308 as we previously reported [13]. During
agonist stimulation, AC6-induced Akt phosphorylation at Ser473 was rapidly diminished (Fig.
1B and 1C). For example, when stimulated with forskolin or NKH477, Akt phosphorylation
at Ser473 rapidly was reduced within 2 min and completely abolished within 10 min (Fig. 1B),
but Thr308 phosphorylation was unaffected (Fig. 1C). Isoproterenol stimulation also reduced
Akt phosphorylation at Ser473, a less robust but similar effect to that of forskolin (Fig. 1B).
Isoproterenol and forskolin did not affect Akt phosphorylation in uninfected cardiac myocytes
or in Ad.Null- infected cardiac myocytes (data not shown). Total Akt protein amount was
unchanged in all conditions. These data suggest that isoproterenol and forskolin stimulation
rapidly activated a high efficiency Akt phosphatase that only dephosphorylates Ser473, but not
Thr308, therefore, ruling out the possibility of PTEN being the candidate phosphatase in this
event.

Since PHLPP could terminate Akt phosphorylation at Ser473 with high efficiency [9–11] and
PHLPP2 was highly expressed in cardiac myocytes (Fig. 1A), but PHLPP1 expression was
low (data not shown) as in other cells [15], we asked whether PHLPP2 was responsible for
agonist-induced Akt dephosphorylation. We knocked down PHLPP2 using PHLPP2-specific
siRNA and then stimulated cardiac myocytes with NKH477. Reduction of PHLPP2 by siRNA
prevented NKH477-induced dephosphorylation of Akt resulted in a 14-fold increase in
phosphorylated Akt at Ser473 (Fig. 1D), which confirmed that PHLPP2 was the phosphatase
activated by NKH477. These experiments indicate that PHLPP2 plays a key role in regulating
Akt phosphorylation in cardiac myocytes with increased levels of AC6.

Interaction of AC6 with PHLPP2
To determine mechanisms for activation of PHLPP2 by isoproterenol and forskolin
stimulation, we asked whether AC6 and PHLPP2 proteins were associated within the cell.
Using immunoprecipitation, we found that an anti-PHLPP2 antibody co-immunoprecipitated
PHLPP2 and AC6, and an anti-AC6 antibody co-immunoprecipitated AC6 and PHLPP2 (Fig.
2A). Epitope matched anti-p85 antibody did not immunoprecipitate PHLPP2 or AC6 (Fig. 2A).
These data suggest that transgene AC6 and endogenous PHLPP2 exhibit substantial physical
association in cardiac myocytes.

Additional evidence for an AC6:PHLPP2 association was provided using anti-AU1 (for
transgene AC6) and anti-PHLPP2 antibodies in immunofluorescence staining followed by
deconvolution analysis. Transgene AC6 was widely distributed in the cytoplasm with increased
signal in the sarcoplasmic reticulum and perinuclear regions. PHLPP2 was distributed
throughout the cell. Co-localization of AC6 and PHLPP2 were visualized by
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immunofluorescence staining using both anti-AU1 and anti-PHLPP2 antibodies (Fig. 2B). A
similar co-localization pattern was detected in the presence of forskolin, suggests that forskolin
did not affect PHLPP2:AC6 interaction (data not shown). The specificity of
immunofluorescence staining was confirmed using blocking peptides.

PHLPP activation: independent of cAMP and PKA
We next asked whether cAMP was required for activation of PHLPP2. Stimulation of Ad.AC6
infected cardiac myocytes with NKH477 (10 μM, 10 min) led to anticipated increase in cAMP.
Incubation of NKH477 for 24 hr was also associated with high level of cAMP (Fig. 3A).
However, phospho-Akt at Ser473 was diminished at 10 min, and then returned to a high level
at 24 hr (Fig. 3B), indicating that cAMP was not involved in reduced Akt phosphorylation.
PKA inhibitors did not prevent NKH477-induced dephosphorylation of Akt (Fig. 3C). These
data indicate that the mechanism by which AC stimulation rapidly dephosphorylates Akt at
Ser473 is unrelated to cAMP or to PKA.

PHLPP2 activation requires conformational change of AC6
Agonist stimulation induces conformational change of AC protein through binding of Gαs or
Gαi or forskolin to the AC molecule [16–19]. Having determined that cAMP was not required
for PHLPP2-mediated Akt dephosphorylation, we next asked whether an AC6 conformational
change induced by agonist stimulation influenced PHLPP2 activation. We generated an AC6
mutant by substitution of aspartic acid with alanine at position 426 in the C1 domain. This
choice for mutation was based on the findings that mutation of an analogous site in AC5
affected AC conformation and Gsα and forskolin-stimulated AC activity [18,19]. We generated
an adenovirus encoding the AC6 mutant (AC6mut) and infected cardiac myocytes. The protein
level and intracellular distribution of Ad.AC6mut were similar to that observed after Ad.AC6
treatment (Figs. 4A and 4C, top row). As expected, AC6mut was no longer response to
isoproterenol and forskolin stimulation to generate cAMP (Fig. 4B). AC6mut was still able to
induce Akt phosphorylation in a dose-dependent manner (Fig. 4C, middle row), indicate that
this mutant was able to inhibit PHLPP2 activity. However, isoproterenol and forskolin could
no longer activate PHLPP2 to dephosphorylated Akt at Ser473 (Fig. 4D). Since cAMP was
not required for activation of PHLPP2, these results suggest that a correct conformation in the
C1 domain of AC6 was critical for PHLPP2 activation during agonist stimulation.

PHLPP mediated Akt dephosphorylation: rapid and reversible
Conformational change-induced alteration in protein:protein interaction are often rapid and
reversible [20,21]. It is the case in AC6 and PHLPP2 interaction. Akt phosphorylation at Ser473
disappeared within 2 min and then returned to pre-stimulation levels within 30 min (Fig. 4E),
a fully rapid and reversible process. Both dephosphorylation and re-phosphorylation of Akt at
Ser473 occurred in the presence of high levels of cAMP, which confirmed that both events
were cAMP-independent. These results support our hypothesis that the conformational change
of AC6 occurred during isoproterenol or forskolin stimulation is critical for PHLPP2 activation.

Discussion
The present study demonstrates that PHLPP2 activity was suppressed by increased AC6 in
cardiac myocytes through their protein-protein interaction, which resulted in high levels of Akt
phosphorylation. However, AC6-inhibited PHLPP2 was rapidly activated by isoproterenol and
forskolin stimulation, which led to marked dephosphorylation of Akt at Ser473, but not Thr308.
Knocking down of PHLPP2 prevented agonist-induced PHLPP2 activation. Activation of
PHLPP2 was cAMP and PKA-independent but required an intact catalytic domain of AC6 for
the conformational change of AC6 during agonist stimulation. This novel regulation of
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PHLPP2 activity by AC6 provides a bidirectional regulation of Akt activity, which may
contribute to the unexpected favorable effects of AC6 on heart [22–23].

PHLPP2 and AC6 interaction
PHLPP, members of PP2C family phosphatases, have been showed that dephosphorylate Akt
at Ser473 and attenuates Akt signaling [9–11]. In vitro studies showed that only 10% Akt
activity came from single phosphorylation event at Thr308 and maximal Akt activation
required phosphorylation at both Ser473 and Thr308 sites [24,25]. Thus, phosphorylation of
Ser473 controls the activity of Akt. AC6 gene transfer greatly increased phosphorylated Akt
at Ser473 and Thr308 as we previously reported [13]. However, phosphorylated Akt at Ser473
appears to be more accessible to dephosphorylation associated with isoproterenol and forskolin
stimulation (Fig. 1B–1D). Dephosphorylation of Akt at Ser473, but not Thr308, indicates that
PTEN is not activated by agonist stimulation. Knockdown of PHLPP2 using PHLPP2-specific
siRNA prevents agonist-induced dephosphorylation of Akt at Ser473 (Fig. 1D), confirmed that
PHLPP2 is activated by agonist stimulation. These data indicate that, in the absence of agonists,
inhibition of PHLPP2 activity by AC6 contributed to increased Akt phosphorylation.

Inhibition of PHLPP2 activity requires the interaction of AC6 with PHLPP2. Endogenous AC
is localized predominantly in the plasma membrane, but is also found in multiple intracellular
subdomains in cardiac myocytes [26]. Gene transfer of AC6 results in increased intracellular
distribution of AC6 in these subdomains [27]. PHLPP2 is widely distributed throughout the
cell [9], providing ample opportunity for an AC6: PHLPP2 interaction. Indeed, AC6 and
PHLPP2 were co-immunoprecipitated by anti-AC6 and anti-PHLPP2 antibodies, confirming
a physical association between these two molecules. Although the association of AC6 and
PHLPP2 has not been reported previously, it is noteworthy that AC and PP2C are translated
into a single protein in yeast [12], so there is a biological precedent for this otherwise
unexpected association. It appears that association of AC6 with PHLPP2 suppresses PHLPP2
activity. However, forskolin and isoproterenol stimulation releases PHLPP2 from AC6
inhibition so that consequent dephosphorylation of Akt occurs, a process that is rapid and
reversible.

Conformational dynamics of AC
Conformational changes of AC at the interface of the C1 and C2 catalytic domains during
agonist stimulation are the key to regulate AC activity. Many regulatory proteins and small
molecules can alter the conformation of AC. For example, Gαs binds to the C2 domain and
increases the affinity of C2 with C1, with consequent catalysis and generation of cAMP. In
contrast, Gαi binds to the C1 domain, reduces the affinity of C1 for C2 and reduces AC activity.
Forskolin binding to the C1C2 domains stabilizes the interaction between these domains,
therefore alters the conformation of the active site enabling enzyme activation [16–19].

The conformational changes of the full-length AC6 during agonist stimulation have not been
precisely determined. However, the crystal structure of a soluble active form of C1C2 fusion
protein showed binding sites for many regulatory elements to the catalytic core [19]. For
example, an aspartic acid in the C1 domain of AC5 was intimately involved in bridging the
Mg++ binding pocket that was critical for active site structure and catalysis. Mutation of this
site markedly reduced Gsα and forskolin-stimulated AC activity [18,19]. Since AC5 and AC6
shared 89% homologous in C1 and C2 domains, we elected to mutate the analogous site Asp426
in AC6. To our surprise, this mutant not only markedly reduced agonist-stimulated cAMP
generation capacity (Fig. 4B), but also abolished PHLPP2 activation (Fig. 4D), indicated the
importance of the Asp426 in the C1 domain of AC6 in PHLPP2 activation. Since cAMP is not
required for the activation of PHLPP2, altered conformation of AC6mut might be responsible
for inactivation of PHLPP2. Data on rapid and reversible dephosphorylation of Akt at Ser473
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(Fig. 4E) support this speculation. The precise mechanisms by which AC6 mutant affects AC6
and PHLPP2 activities will require additional study. Out data indicate that AC6 has functions
through its interaction with other proteins, independently of its function to generate cAMP.
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Figure 1.
Expression and activity of PHLPP2. (A) Endogenous PHLPP2 protein was detected using anti-
PHLPP2 antibody in immunoblotting and was unchanged by AC6 or EGFP expression. (B)
Immunoblot analysis of Akt and phosphorylated Akt in cell lysates of Ad.AC6 infected and
uninfected (Con) cells without (Bas) or with forskolin (Fsk), or NKH477 (Nkh) or isoproterenol
(Iso) (10 μM, 10 min). (C) Ad.AC6 infected cardiac myocytes were stimulated with forskolin
for different time and immunoblots analysis was performed. Phospho-Thr308 and total Akt
were unchanged. (D) Ad.AC6 infected cardiac myocytes were transfected with PHLPP2-
specific siRNA (Si, 100 nM, 48 hr) followed by NKH477 stimulation (10 μM, 10 min).
Phospho-Akt Ser473, total Akt and PHLPP2 were detected by immunoblot analysis.
Immunoblots are a representative of three or more independent experiments with similar
results.
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Figure 2. Association and intracellular co-localization of AC6 with PHLPP2
(A) AC6 or PHLPP2 were co-immunoprecipitated (IP) from the cell lysates with anti-AC5/6,
or anti-PHLPP2 or anti-p85 antibody as control followed by immunoblotting (IB). Anti-AC5/6
antibody co-immunoprecipitated PHLPP2 and anti-PHLPP2 antibody co-immunoprecipitated
AC6. Anti-p85 antibody did not immunoprecipitate AC6 or PHLPP2. These data demonstrate
that AC6 is specifically associated with PHLPP2. (B) Immunofluorescence staining of fixed
cells with anti-AU1 (detecting AC6), or anti-PHLPP2 or both antibodies for 24 hr at 4°C
followed by incubation with secondary antibodies conjugated with Alexa Fluo 488 (green) or
647 (red). Nuclei were stained with Hoechst dye (blue). The images were obtained with 40x
and 100x lens using a DeltaVision system and were subjected to deconvolution analysis. Image
showed that increased AC6 and endogenous PHLPP2 are localized in multiple subcellular
domains. Co-localization of AC6 with PHLPP2 is evident (yellow). Specific signals were
undetectable after pre-incubating antibodies with AU1-specific and PHLPP2-specific blocking
peptides, confirm the specificity of the immunofluorescence staining.
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Figure 3.
NKH477 stimulated reduction of Akt phosphorylation is not dependent on cAMP or PKA. (A)
Cyclic AMP in Ad.AC6 infected cardiac myocytes was measured. NKH477 (Nkh) stimulation
for 10 min (10 m) or 24 hr (24 h) is associated with high level of cAMP when compared with
unstimulated cells (basal). (B) Immunoblot analysis of phospho-Akt at ser473. Phospho-Akt
is diminished in 10 min (top row) and return to high level in 24 hr (bottom row), even the level
of cAMP is high at 24 hr. (C) PKA is not involved in forskolin-induced reduction of phospho-
Akt. PKA inhibitors [PKI (20 μM), Rp-8-CPT-cAMP (20 μM) and H89 (10 μM)] were added
to cardiac myocytes 2 hr post Ad.AC6 virus infection and incubated with myocytes for 24 hr
followed by NKH477 stimulation (5 μM, 10 min). PKA inhibitors did not prevent NKH477-
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induced reduction of phospho-Akt. Each experiment was repeated three times with
reproducible results.
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Figure 4.
The C1 domain of AC6 is required for PHLPP2 activation by agonist stimulation. (A)
Expression and intracellular distribution of AC6 and AC6mut in cardiac myocytes, detected
by using anti-AU1 antibody (red) in immunofluorescence staining. Nuclei were stained with
Hoechst dye (blue). The images were obtained with 10x lens using a DeltaVision system and
were subjected to deconvolution analysis. (B) AC6mut did not increase cAMP generation after
isoproterenol or forskolin stimulation. Cyclic AMP was measured in uninfected (Con) and in
Ad.AC6 and Ad.AC6mut infected cardiac myocytes before and after stimulation with
isoproterenol (Iso), or forskolin (Fsk, 10 μM, 10 min). (C) AC6mut induced Akt
phosphorylation at Ser473 in a dose-dependent manner. AC6mut protein, Akt and phospho-
Akt were detected using antibodies in immunoblotting. (D) AC6mut did not induce Akt
dephosphorylation in response to agonist stimulation. Ad.AC6mut infected cardiac myocytes
were unstimulated or stimulated with forskolin or isoproterenol (10 μm, 10 min). Akt and
phospho-Akt were detected using antibodies in immunoblotting analysis. (E) Rapid and
reversible dephosphorylation of Akt. Ad.AC6 infected cardiac myocytes were incubated with
forskolin (10 μM) for indicated time, cells then were lysed and western blot analysis was
performed to detect Akt and phosphorylated Akt at Ser473. Experiments were repeated three
times with similar results.
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