OPEN 8 ACCESS Freely available online

@PLOS ‘ ONE

Broad-Scale Phosphoprotein Profiling of Beta Adrenergic
Receptor (B-AR) Signaling Reveals Novel
Phosphorylation and Dephosphorylation Events

Andrzej J. Chruscinski', Harvir Singh?, Steven M. Chan3, Paul J. Utz*

1 Division of Cardiology and Heart Transplantation, Department of Medicine, Toronto General Hospital, Toronto, Ontario, Canada, 2 Developmental and
Reproductive Biology, University of Hawaii, Honolulu, Hawaii, United States of America, 3 Division of Hematology, Department of Medicine, Stanford University,
Stanford, California, United States of America, 4 Division of Immunology and Rheumatology, Department of Medicine, Stanford University, Stanford, California,

United States of America

Abstract

B-adrenergic receptors (B-ARs) are model G-protein coupled receptors that mediate signal transduction in the
sympathetic nervous system. Despite the widespread clinical use of agents that target B-ARs, the signaling pathways
that operate downstream of B-AR stimulation have not yet been completely elucidated. Here, we utilized a lysate
microarray approach to obtain a broad-scale perspective of phosphoprotein signaling downstream of 3-AR. We
monitored the time course of phosphorylation states of 54 proteins after B-AR activation mouse embryonic fibroblast
(MEF) cells. In response to stimulation with the non-selective B-AR agonist isoproterenol, we observed previously
described phosphorylation events such as ERK1/2(T202/Y204) and CREB(S133), but also novel phosphorylation
events such as Cdc2(Y15) and Pyk2(Y402). All of these events were mediated through cAMP and PKA as they were
reproduced by stimulation with the adenylyl cyclase activator forskolin and were blocked by treatment with H89, a
PKA inhibitor. In addition, we also observed a number of novel isoproterenol-induced protein dephosphorylation
events in target substrates of the PI3K/AKT pathway: GSK3B(S9), 4E-BP1(S65), and p70s6k(T389). These
dephosphorylations were dependent on cAMP, but were independent of PKA and correlated with reduced PI3K/AKT
activity. Isoproterenol stimulation also led to a cAMP-dependent dephosphorylation of PP1a(T320), a modification
known to correlate with enhanced activity of this phosphatase. Dephosphorylation of PP1a coincided with the
secondary decline in phosphorylation of some PKA-phosphorylated substrates, suggesting that PP1a may act in a
feedback loop to return these phosphorylations to baseline. In summary, lysate microarrays are a powerful tool to
profile phosphoprotein signaling and have provided a broad-scale perspective of how B-AR signaling can regulate
key pathways involved in cell growth and metabolism.
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Introduction

Beta-adrenergic receptors (B-AR) are G-protein coupled
receptors that mediate the effects of the catecholamines,
epinephrine and norepinephrine, in the sympathetic nervous
system. Three B-AR subtypes have been identified (31-AR, p2-
AR, and B3-AR) [1-3]. These receptors are expressed
throughout the target organs of the sympathetic nervous
system including the heart, skeletal muscle, smooth muscle
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cells in the bronchi and digestive tract, and adipose tissue
[1-3]. B-AR agonists are currently used as bronchodilators,
tocolytic agents and chronotropic/inotropic agents, whereas -
AR antagonists or “B blockers” have revolutionized the
treatment of a number of cardiovascular disorders including
angina, hypertension, and heart failure [4,5]. More recently, it
has been appreciated that drugs that target 3-AR signaling can
also modulate the growth and survival of various cell types
including certain tumors [6-8]. Thus, unraveling the complex
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signaling mechanisms that occur downstream of 3-ARs has the
potential to impact the treatment of a number of diseases that
currently burden our population.

It is known that upon binding agonist ligands, all three types
of B-ARs couple to the stimulatory G-protein (Gs), resulting in
the activation of adenylyl cyclase and generation of the second
messenger cAMP [9]. cAMP then activates protein kinase A
(PKA), which can phosphorylate a variety of target proteins
[10]. Over the past several years, there has been an
appreciation that there are effects of cAMP that are
independent of PKA. This has led to the discovery of exchange
proteins activated by cAMP (Epac) [11]. Using techniques of
molecular cloning, two Epac subtypes have been identified
(Epac1 and Epac2), which are both capable of activating the
small G proteins Rap1 and Rap2 [12] and modulating a wide
variety of cellular functions [13,14].

Whereas B1-ARs couple only to the stimulatory G-protein
(Gs), B2-ARs have the ability to couple to both Gs and the
inhibitory G-protein (Gi) [15]. Coupling to Gi has been shown in
some studies to result from phosphorylation of the third
intracellular loop of the 2-AR by PKA [16]. The unique ability
of B2-AR to couple to Gi-dependent signaling pathways may
account for some of the differences in biological effects of B1-
AR and B2-AR agonists [7]. Clarity is lacking as to the exact
nature of Gi-dependent signaling events. For example, some
investigators have shown that B2-AR stimulation through Gi
leads to phosphorylation of ERK1/2 [16], while others have
shown that this signaling event is independent of Gi coupling
and rather occurs through PKA activation [17]. Certainly, such
findings highlight the need for a more complete
characterization of signaling pathways downstream of B-AR
stimulation.

In order to gain a more broad and unbiased perspective of 3-
AR signaling and to understand how the different mechanisms
contribute to signaling, we utlized a lysate microarray
approach to profile protein phosphorylation events downstream
of B-AR in an immortalized mouse embryonic fibroblast (MEF)
cell line. After stimulating MEFs with various B-AR agonists,
lysates were harvested at different time-points and were used
to construct lysate microarrays, which were probed with a
panel of 54 well-characterized phospho-specific antibodies.
Because a large number cell lysates were spotted onto the
slides, many different stimulatory conditions could be assessed
simultaneously, thus providing a broad-scale view of the
kinetics of the B-AR signaling pathway.

Using this approach, we identified a number of novel tyrosine
phosphorylation events downstream of B-AR. We also
identified novel dephosphorylation events downstream of B-AR
and cAMP that were independent of PKA and Epac, but
correlated with reduced AKT activity. Together, these studies
shed light on the diverse and important cellular functions
mediated by B-AR activation. Furthermore, they highlight the
utility of lysate microarray technique to provide broad
overviews of signaling and to uncover novel signaling events.
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Materials and Methods

Cell Culture and Reagents

A MEF cell line [18] was maintained in DMEM (Life
Technologies, Grand lIsland, NY, USA) containing 10% fetal
calf serum (Life Technologies) and 1% penicillin-streptomycin
(Life Technologies) in a 37°C incubator at 5% CO,. The
following inhibitors and stimuli were purchased from Sigma-
Aldrich (St. Louis, MO, USA) unless otherwise specified:
isoproterenol, forskolin, 8-pCPT-2'-O-Me-cAMP  (Biolog,
Bremen, Germany), H89, LY294002 (Millipore, Billerica, MA,
USA), wortmannin, okadaic acid, CGP 20712A, ICI 118,551,
pertussis toxin, prazosin, epinephrine, and norepinephrine. All
antibodies used in this study were purchased from Cell
Signaling Technologies (Danvers, MA, USA) unless otherwise
specified. A complete list of antibodies used in this study is
available online (http://utzlab.stanford.edu/protocols/).

Stimulation Experiments and Lysate Preparation

For stimulation experiments, cells were seeded into 6-well
plates. After the cells were confluent, they were serum starved
overnight and were stimulated for various times. Following
stimulations, cells were washed with ice-cold PBS and then
lysed in buffer containing 50 mM Tris pH 6.8, 2% SDS, 5%
glycerol, 1% 2-mercaptoethanol, 2.5 mM EDTA, 1.5x Halt
phosphatase inhibitor cocktail (Thermo Fisher Scientific,
Waltham, MA, USA), and 1x complete protease inhibitor
cocktail (Roche, Basal, Switzerland). Lysate samples were
immediately snap-frozen in a dry ice/ethanol bath and stored at
-80°C. Prior to printing, lysates were boiled at 100°C for 10
minutes and were briefly centrifuged. Protein levels of all
lysates were quantified using the Quant-It Protein Assay Kit
(Life Technologies) and diluted with additional lysis buffer to
equalize protein concentrations. Samples were loaded into
wells of a 384-well plate in preparation for printing.

Lysate Microarray Printing and Processing

Lysate microarrays were printed and processed as
previously described [19]. Briefly, lysates were spotted in
triplicate onto nitrocellulose-coated FAST slides (GE
Healthcare, Little Chalfont, UK) using a VersArray ChipWriter
Compact Arrayer (Bio-Rad Laboratories, Hercules, CA, USA)
with solid pins (Arrayit Corporation, Sunnyvale, CA, USA).
Lysates from individual time course experiments were printed
with the same solid pin. After the lysate microarrays were dry,
they were placed in FAST frames (GE Healthcare, Little
Chalfont, UK) and were blocked in a 3% casein solution (Bio-
Rad Laboratories, Hercules, CA, USA) for 3-4 hours at room
temperature. Slides were probed with primary antibodies
overnight at 4°C in dilution buffer (PBS, 20% FCS, 0.1%
Tween). Following extensive washing, the slides were
incubated at room temperature with anti-rabbit 1IgG HRP-
conjugated secondary antibody (Jackson ImmunoResearch,
West Grove, PA, USA) in dilution buffer for 1 hour. The signal
was amplified by incubating with 1x Bio-Rad Amplification
Reagent supplied in the Amplified Opti-4CN Substrate Kit (Bio-
Rad Laboratories) for 10 minutes at room temperature.
Following amplification, the slides were probed with
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streptavidin Alexa Fluor-647 conjugate (Life Technologies) for
1 hour. Slides were dried with an aspirator and scanned using
a GenePix 4000B microarray scanner (Molecular Devices,
Sunnyvale, CA, USA).

Microarray Data Analysis

Scanned slides were analyzed using GenePix Pro Version
6.0 software (Molecular Devices). The median fluorescence
intensity of each feature minus background (MFI-B) was
determined and averaged to obtain a fluorescence value for
each lysate representing a single time point from a time course
experiment. The values for each lysate were normalized to the
MFI-B values of the respective vehicle-treated control spots
providing a fold change in phosphorylation state. These data
were imported into TIGR Multiple Experiment Viewer software
(TMEV) [20] to create heat map representations and to perform
hierarchical clustering, and significance analysis as described.
Time-course (two class unpaired) Significance Analysis of
Microarrays (SAM) [21] was applied to the data to identify
pathways significantly (q<0.05) altered by various inhibitors.

Western Blotting

Lysates were loaded into wells of 12% Bis-Tris Mini-Gels
(Life Technologies), separated by polyacrylamide gel
electrophoresis, and ftransferred onto a nitrocellulose
membrane. Membranes were blocked in TBS, 0.1% Tween,
and 5% milk for 1 hour at room temperature and incubated with
primary antibody in TBS, 0.1% Tween, and 5% BSA overnight
at 4°C. Membranes were probed with a donkey anti-rabbit HRP
conjugated secondary antibody in blocking buffer for 1 hour at
room temperature. The signal was visualized using a
chemiluminescent ECL Western Blotting Detection kit (GE
Healthcare).

Rap1 Pull-Down Assay

MEFs were serum starved overnight prior to stimulation with
forskolin or 8-pCPT-2'-O-Me-cAMP (BioLog). Cells were
stimulated for indicated time points and were lysed with ice-
cold Rap1 activation lysis buffer containing 50 mM Tris-HCI (pH
7.4), 500 mM NaCl, 2.5 mM MgCl,, 10% glycerol, 1% Nonidet
P-40 50mM, and 1x complete protease inhibitor cocktail
(Roche). Cell lysates were briefly centrifuged and incubated for
45 minutes at 4°C with recombinant human Ral GDS-Rap
Binding Domain (RBD) bound to glutathione-agarose beads
(Millipore). Agarose beads were washed three times with Rap1
lysis buffer and were resuspended in 2x Laemmli reducing
sample buffer. Samples were separated by SDS-PAGE,
transferred onto nitrocellulose, and incubated with anti-Rap1
polyclonal antibody (Millipore) according to the western
protocol described above.

In Vitro AKT Kinase Assay

AKT kinase assays were performed using a nonradioactive
kit from Cell Signaling Technology. Briefly, MEFs were grown
in 10 cm dishes and treated with either vehicle control,
LY294002 (10 uM), wortmannin (100 nM), or forskolin (50 uM)
for 30 minutes. Following treatment, the cells were lysed in 1x
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cell lysis buffer supplemented with PMSF and were sonicated.
The cell lysate was then centrifuged and the supernatant was
stored at -80°C. After thawing, the cell lysates were incubated
with an immobilized phospho-AKT (S473) (Cell Signaling
Technology) antibody overnight at 4°C. The immunoprecipiates
were then washed twice with lysis buffer (Cell Signaling
Technology) and twice with kinase buffer (Cell Signaling
Technology). The in vitro kinase reaction was carried out in 50
ul of kinase buffer containing immunoprecipitated AKT, 200 uM
ATP, and GSK-3 fusion protein that served as the substrate.
After an incubation of 30 min at 30°C, the reaction was stopped
by the addition of SDS sample buffer. Samples were boiled for
5 min, were separated by SDS-PAGE, and were transferred to
nitrocellulose membranes. The level of phosphorylated GSK-3
fusion protein was detected using an anti-phospho-GSK3a/
(S9/21) polyclonal antibody (1:1000 dilution; Cell Signaling
Technology). The binding of primary antibody was visualized
using an HRP-conjugated anti-biotin antibody and ECL reagent
supplied with the kit. Western blot intensities were quantified by
densitometry using Quantity One software (Bio-Rad
Laboratories) and a GS-800 Calibrated Densitometer (Bio-Rad
Laboratories). Statistical significance was assessed using a
one-way ANOVA test followed by a Tukey’s post-hoc analysis
for group comparisons.

Radioligand Binding Assay

MEFs were grown to confluence, collected in lysis buffer (10
mM Tris-HCI, 1 mM EDTA, pH 7.4) with a cell scraper, and
then subjected to dounce homogenization. Following a low
speed centrifugation (500 x g) to remove cellular debris,
membranes were pelleted by a high speed centrifugation
(13,000 x g). Membranes were then resuspended in binding
buffer (75 mM Tris-HCI, 12.5 mM MgCl,, 1 mM EDTA, pH 7.4).
Binding reactions were carried out by incubating 60 pg of
membranes with 10 nM [*H]dihydroalprenolol hydrochloride
(PerkinElmer, Waltham, MA, USA) and different concentrations
of ICI 118,551 (Sigma-Aldrich). After a two hour incubation at
room-temperature, the binding reactions were terminated by
rapid filtration over glass fiber filters (Millipore). Radioactivity in
the filters was then quantified using a liquid scintillation
counter. Non-specific binding was determined in the presence
of 1 yM alprenolol (Sigma-Aldrich). Binding data were analyzed
with GraphPad Prism software (GraphPad Software Inc., La
Jolla, CA, USA).

Results

In order to characterize the protein phosphorylation events
that operate downstream of 3-ARs, we stimulated MEFs with
different doses of the non-selective B-AR agonist isoproterenol
or the endogenous agonists epinephrine and norepinephrine
and then harvested lysates from these cells after various times
(from 5 to 60 minutes). MEFs were used as a model system
because they express a number of -ARs and because 3-AR
signaling has been previously studied in these cells [22]. MEFs
also provide a good platform for future studies because it is
easy to grow these cells from various knockout mice to further
dissect signaling mechanisms. Based on ligand binding
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A, Heat map representation of

phosphoprotein changes over time. MEFs were grown to confluence and then were stimulated with different concentrations of
isoproterenol (Iso) (1 uM, 10 uM, or 100 pM) for various times (0, 5, 10, 20, 30, or 60 minutes). Lysate microarrays were used to
screen the MEF lysates against a panel of phospho-specific antibodies. Using data from the lysate microarrays, a heat map was
constructed that revealed distinct clusters of phosphorylation (yellow) and dephosphorylation (blue) events after isoproterenol
stimulation. The color scale shows fold change as compared with unstimulated MEFs. Data are representative of two independent
experiments. B, Depiction of ERK1/2(T202/Y204) and Pyk2(Y402) phosphorylation kinetics over a 1 hour time course with

isoproterenol (10 uM).
doi: 10.1371/journal.pone.0082164.g001

studies, we confirmed that the majority (74.7%) of B-AR in
MEFs are the B2-AR (Figure S1 in File S1). This result is
similar to a prior study that showed that the f2-AR is the major
B-AR subtype coupled to cAMP accumulation in primary MEFs
[23]. Following stimulations, MEF cell lysates were printed onto
microarrays, which were then probed individually with a panel
of phospho-specific antibodies to identify phosphoprotein
changes. Figure 1A, Figure S2 in File S1, and Figure S3 in File
S1 show heat maps that were generated from these lysate
microarray data.
We  detected
dephosphorylation

many  protein
events after

phosphorylation  and
isoproterenol stimulation
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(Figure 1A). The pattern of these changes with isoproterenol
was reproduced by stimulation with the endogenous
catecholamines, epinephrine and norepinephrine (Figure S2 in
File S1and Figure S3 in File S1). In addition to known
phosphorylation events such as the phosphorylation of
threonine 202 and tyrosine 204 (T202/Y204) on extracellular
signal-regulated kinase 1/2 (ERK1/2) and the phosphorylation
of serine 133 (S133) on cAMP response element binding
protein (CREB), novel tyrosine phosphorylation events were
detected after isoproterenol stimulation such as Y15 on cell
division cycle 2 (Cdc2) and Y402 on proline-rich tyrosine
kinase 2 (Pyk2). We also observed that the kinetics of these
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phosphorylations varied in a molecule-specific way. For
example, we detected a rapid phosphorylation of
ERK1/2(T202/Y204) signaling kinase within 5 minutes of
stimulation followed by dephosphorylation of the protein back
to baseline within 20 minutes. On the other hand, the
phosphorylation of Cdc2(Y15) and Pyk2(Y402) occurred on a
slower timescale (Figure 1B). In addition, lysate microarrays
also revealed a number of dephosphorylation events in MEFs
downstream of B-AR stimulation that have not yet been
described: S9 on glycogen synthase kinase 3B (GSK3pB), S65
on eukaryotic translation initiation factor 4E binding protein (4E-
BP1), T389 on p70 ribosomal S6 kinase (p70S6K), and T320
on protein phosphatase 1a (PP1a). In order to validate these
lysate microarray results, we performed traditional western blot
analysis of phosphoprotein expression in these same MEF
lysates and observed similar changes in the patterns of
phosphorylation (Figure S4 in File S1).

Based on prior studies that showed that the f2-AR is able to
couple to the inhibitory G-protein Gi and phosphorylate ERK1/2
[15,16], we also conducted isoproterenol stimulations in the
presence and absence of the Gi inhibitor, pertussis toxin.
Based on results obtained using the SAM algorithm, we
detected no significant differences between isoproterenol
stimulations with and without pertussis toxin, indicating that the
majority of signaling events that we observed in response to
isoproterenol, including ERK1/2(T202/Y204), were independent
of Gi and likely were dependent on Gs (Figure S5 in File S1).

Next, we used specific antagonists of 1-AR (CGP 20712A)
and B2-AR (ICI 118,551) to distinguish the role of these B-AR
subtypes in mediating phospho-protein signaling downstream
of isoproterenol stimulation in MEFs. For these experiments we
focused on the signaling pathways that showed the greatest
changes in phosphorylation status in our primary screen. We
found that pre-treatment with 32-AR antagonist, but not the 31-
AR antagonist significantly blunted the isoproterenol-induced
phosphorylation of Cdc2(Y15), Pyk2(Y402), CREB(S133),
Raf(S259), and PKA substrate (q values < 0.05), confirming
that these phosphorylation events are coupled more to the 32-
AR signaling pathway (Figure 2). Interestingly, we found that
neither of these antagonists when used in isolation had an
effect on the dephosphorylation of the signaling molecules.
However, combined B1-AR and B2-AR inhibition significantly
blocked the protein dephosphorylations, suggesting that these
events are likely regulated by a shared signaling intermediate,
such as a common pool of cAMP. The finding that the 1-AR
antagonist countered the residual phosphorylation changes
induced by isoproterenol further suggests that B1-AR may be
the next dominant subtype in these cells. The only exception to
this was PKC{/\(T410/403), which was still dephosphorylated
after the addition of isoproterenol even in the presence of
combined B1-AR and 32-AR blockade. Although not examined
in this study, we speculate that the dephosphorylation of PKCZ/
A(T410/403) may potentially result from activation of 33-AR in
MEFs.

To determine  whether the  isoproterenol-induced
phosphorylation and dephosphorylation events are dependent
on protein kinase A (PKA), we next pretreated MEFs with the
PKA inhibitor H89 prior to conducting these stimulations. As

PLOS ONE | www.plosone.org

Phosphoprotein Profiling of R-AR Signaling

seen in Figure 3A, the majority of the isoproterenol induced
phosphorylation events were inhibited by pretreatment with
H89 (see * in Figure 3A). On the other hand, the
dephosphorylation events were largely unaffected by
pretreatment with the H89, with the exception of GSK33(S9)
which occurred more rapidly under these conditions (Figures
3A and 3C). We speculate that the more rapid
dephosphorylation of GSK33(S9) in the presence of H89 is due
to inhibiton of the competing early PKA-mediated
phosphorylation event because H89 inhibited a modest, yet
rapid (1 minute) phosphorylation event on GSK33(S9) (Figure
3D).

To investigate the cAMP-dependence of these
phosphoprotein changes, we also stimulated MEFs with
forskolin, a direct activator of adenylyl cyclase. As can be seen
in Figure 3B, forskolin produced similar phosphorylation and
dephosphorylation signaling changes as compared with
isoproterenol, confirming that all of these events are cAMP-
dependent. As with the isoproterenol stimulations, the forskolin-
induced phosphorylation events were inhibited by H89,
whereas the forskolin-induced dephosphorylation events were
largely unaffected by H89 with the exception of GSK3B(S9)
dephosphorylation, which again was found to occur more
extensively with H89 treatment (Figure 3B).

Our studies using H89 and forskolin suggested that the
dephosphorylation events induced by isoproterenol were
dependent on cAMP, but were independent of PKA. We then
reasoned that the cAMP sensor Epac may be a potential
effector of these changes. To investigate Epac involvement, we
treated MEFs with the Epac agonist 8-pCPT-2'-O-Me-cAMP
(100 yM to 1 mM) to see if we could recapitulate the
isoproterenol-induced dephosphorylation events. Surprisingly,
stimulation of MEFs with this agent had no effect on either
phosphorylation or dephosphorylation of signaling molecules
(data not shown). In order to verify that 8-pCPT-2'-O-Me-cAMP
was active in MEF cells, Rap GAP assays were also
performed. These experiments confirmed that 8-pCPT-2'-O-
Me-cAMP activated Rap1 similarly to forskolin in MEFs (Figure
S6 in File S1). These results suggest that the cAMP-dependent
dephosphorylations that we observed did not occur through
Epac activation.

We next investigated whether the isoproterenol-induced
dephosphorylations are dependent on phosphatase activation
by pretreating MEFs prior to stimulation with the phosphatase
inhibitor okadaic acid, a potent inhibitor of protein phosphatase
1, 2A, and 2B. Pretreatment with okadaic acid did not prevent
the isoproterenol-induced dephosphorylations of GSK3(3(S9),
PP1a(T320), p70S6K(T389), and AKT(T308) (Figure 4). In a
similar fashion, okadaic acid also did not prevent the same
proteins from being dephosphorylated when MEFs were
stimulated with forskolin (data not shown). Nonetheless, we
found that okadaic acid increased the basal level of
phosphorylation of p70S6K(T389), GSK3B(S9), and PKA
substrate, suggesting that an okadaic acid-sensitive
phosphatase is involved in maintaining the basal level of
phosphorylation of these proteins. We further observed that
okadaic acid blocked the initial rise and the secondary decline
in the phosphorylation of PKA substrate after isoproterenol
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Figure 2
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Figure 2. Isoproterenol induced phosphoprotein signaling in the presence of selective B-AR antagonists. MEFs were
pretreated with the B1-AR antagonist CGP 20712A (CGP) and B2-AR antagonist ICI 118,551 (ICl) prior to stimulation with
isoproterenol. CGP and ICI were used at final concentrations of 10 uM. MEFs were then stimulated with isoproterenol (Iso) (100 nM)
for various times (0, 5, 10, 20, 30, or 60 minutes). The heat map shows phosphorylation (yellow) and dephosphorylation (blue)
events after isoproterenol stimulation. The color scale shows fold change as compared with unstimulated MEFs. Data are means of
three independent stimulation experiments. * denotes pathways with reduced phosphorylation in the presence of ICI 118,551 as

determined using the SAM algorithm (q value < 0.05).
doi: 10.1371/journal.pone.0082164.g002

stimulation. However, this was likely secondary to the higher
basal levels of protein phosphorylation in the presence of
okadaic acid.

In reviewing the list of signaling molecules that exhibited
isoproterenol- and  forskolin- induced patterns  of
dephosphorylation, we consistently observed a significant
dephosphorylation of AKT at threonine 308. Furthermore, we
recognized that many of the other proteins that were subject to
dephosphorylation are known targets of the PI3K/AKT signaling
pathway (e.g., GSK3B, p70S6K, PRAS40, and 4E-BP1) [24].
This led us to hypothesize that cAMP, generated downstream
of B-AR, inhibits AKT activation. First, we investigated the
effects of forskolin on AKT kinase activity using an in vitro AKT
kinase assay. As can be seen in Figure 5A and B, treatment
with forskolin led to a decrease in the phosphorylation of the
AKT substrate, GSK3, indicating that AKT kinase activity was
inhibited by forskolin through a cAMP-dependent mechanism.
We also observed that AKT kinase activity was inhibited by
treatment with LY294002 and wortmannin and that these PI3K

PLOS ONE | www.plosone.org

inhibitors could induce dephosphorylations in certain proteins
such as GSK3p(S9), P70S6K(T389), and 4E-BP1(S65) similar
to as seen with forskolin (Figure 5C).

Of note, we observed that one of these forskolin-induced
dephosphorylation PP1a(T320), could not be
reproduced with treatment with LY294002 and wortmannin,
suggesting that PP1a(T320) is regulated in an AKT-
independent fashion. Interestingly, this dephosphorylation
event, which is known to result in increased PP1 activity [25],
coincided with the secondary decline in phosphorylation of
various PKA substrates, indicating that these signaling events
are linked. Together, these results are supportive of two links
between cAMP and the protein dephosphorylations that we
observed: 1) a link between cAMP and PI3K/AKT inhibition and
2) a link between cAMP and dephosphorylation of PP1a at
threonine 320.

events
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Figure 3. Isoproterenol- and forskolin-induced phosphoprotein signaling in the presence of the PKA inhibitor H89. A,
MEFs were pretreated with H89 (10 uM) for 1 hour and then were stimulated with isoproterenol (Iso) (10 uM) for various times (0, 5,
10, 20, 30, or 60 minutes). The heat map shows phosphorylation (yellow) and dephosphorylation (blue) events after isoproterenol
stimulation. The color scale shows fold change as compared with unstimulated MEFs. Data are means of three independent
stimulation experiments. * denotes pathways that are significantly altered by pretreatment with H89 as assessed using the SAM
algorithm. A two-class unpaired time course analysis was performed comparing signed-areas under the curve for each pathway. B,
MEFs were pretreated with H89 as in (A) but were stimulated with forskolin (50 yM). Data are means of three independent
stimulation experiments. * denotes pathways that are significantly altered by pretreatment with H89 as assessed using the SAM
algorithm. C, The phosphorylation kinetics of ERK1/2(T202/Y204), PP1a(T320), GSK3B(S9) in response to isoproterenol (10 uM)
stimulation in the presence (dashed line) or absence (solid line) of H89. The phosphorylation of ERK1/2(T202/Y204) is blocked by
H89, dephosphorylation of PP1a(T320) is unchanged by H89, and dephosphorylation of GSK3B(S9) is enhanced by H89. Graphs
show means + SEM for three independent experiments. Values in the graph represent fold change as compared with unstimulated
MEFs. D, Rapid phosphorylation kinetics of GSK3B(S9) by isoproterenol (10 uM) in the presence (dashed line) or absence (solid
line) of H89. The graphs show means + SEM of three independent experiments. * indicates a significant difference (P<0.05) from
baseline phosphorylation level as determined using a Student’s T-Test.

doi: 10.1371/journal.pone.0082164.g003

Discussion comprehensive view of the signaling network downstream of 8-
AR activation that would have otherwise not been possible

Using the lysate microarray technique, we conducted broad- using traditional western blot analysis. Using this approach we
scale phosphoprotein profiling of signaling molecules identified a number of novel phosphorylation and

downstream of B-AR activation. This technique facilitated the
simultaneous screening of a large number of samples with
many different antibodies and provided us with a

dephosphorylation events induced by B-AR stimulation. These
studies, thus, shed light on the complexity of B-AR signaling.
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Isoproterenol-induced dephosphorylation events in the presence of okadaic acid. MEFs were pretreated with

okadaic acid (1 pM) for 30 minutes and then were stimulated with isoproterenol (10 uM) for various times (0, 5, 10, 20, 30, or 60
minutes). Graphs show dephosphorylation of GSK3p(S9), P70S6K(T389), PP1a(T320), and AKT(T308) after the addition of
isoproterenol in the presence (dashed line) or absence (solid line) of okadaic acid. The basal levels of phosphorylation of
GSK3B(S9), P70S6K(T389), and PKA substrate were increased by okadaic acid at the unstimulated (0 minute) time point. Values in
graphs are median + S.D fluorescence intensity (MFI). of lysate microarray features. ** denotes a significant difference (P<0.05)
from okadaic acid treatment as determined using a one-way ANOVA with repeated measures. * denotes significant difference

(P<0.05) from the baseline time point as determined using a Dunnett post-hoc test.

doi: 10.1371/journal.pone.0082164.g004

In addition to detecting phosphorylation events such as
ERK1/2(T202/Y204) and CREB(S133), which are known to be
downstream of PKA in B-AR signaling, our approach detected a
number of novel tyrosine phosphorylation events in response to
isoproterenol stimulation: Cdc2(Y15) and Pyk2(Y402). These
phosphorylations were dependent on PKA as they were
blocked by treatment with H89, however they occurred on a
much slower timescale than ERK1/2(T202/Y204) and
CREB(S133) suggesting that they were more distal in the
pathway. The phosphorylation of Cdc2(Y15) downstream of
PKA could have occurred either through activation of Wee1
kinase or deactivation of the Cdc2 effector phosphatase Cdc25
[26], as previous studies have linked PKA to the activity of

PLOS ONE | www.plosone.org

these enzymes. Post-translational modification at tyrosine 15
on Cdc2 is known to be an inhibitory phosphorylation event on
this protein and is expected to prevent cell entry into mitosis
and, therefore, may be an important mechanism by which 3-AR
agonists regulate the cell cycle [27]. The second novel
phosphorylation event that we observed was Pyk2(Y402),
which is expected to increase Pyk2 activity in MEFs [28]. Pyk2
is a protein tyrosine kinase that is involved in cell spreading
and migration [28], and may have a pro-apoptotic role in mouse
fibroblasts [29]. Thus, detection of these novel phosphorylation
events provides new insights into how B-AR activation may
negatively impact the proliferation and survival of certain cells.
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Figure 5
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Figure 5. Inhibition of PI3BK/AKT results in dephosphorylation of downstream signaling molecules. A, In vitro AKT kinase
assay. MEFs were treated with vehicle control (C), LY294002 (LY) (10 yM), wortmannin (Wort) (100 nM) or forskolin (Fsk) (50 uM)
for 30 minutes. MEF lysates were collected and were assayed for AKT activity using an in vitro kinase assay. As a readout for AKT
activity, phosphorylated GSK3p fusion protein was detected by western blotting. A representative blot is shown. B, The
quantification of the AKT kinase assay. The graph shows mean + SEM values for three independent experiments. * indicates a
significant difference (P<0.05) as compared with the control phosphorylation level of GSK3p fusion protein. C, Phosphoprotein
signaling in the presence of PI3K inhibitors. MEFs were treated with LY294002 (LY) (10 pM) or wortmannin (Wort) (100 nM) for
various times (0, 5, 30, and 60 minutes). The heat map shows phosphorylation (yellow) and dephosphorylation (blue) events after
the various treatments. Data are representative of two independent experiments.

doi: 10.1371/journal.pone.0082164.g005

Another insight from these lysate microarray studies is that
GSK3B(S9) can be phosphorylated by both PKA and AKT as
shown in the model (Figure 6). GSK3B is a regulator of
glycogen synthesis that is known to be inhibited by
phosphorylation on serine 9 by AKT [30]. Our studies confirm
this relationship since treatment of MEFs with PI3K inhibitors
produced a dephosphorylation of GSK3B(S9). Prior studies
have also demonstrated that PKA can directly phosphorylate
GSK3p(S9) [31] and we observed rapid phosphorylation of
GSK3B(S9) with either isoproterenol or forskolin that was
blocked by the PKA inhibitor H89. GSK3B may thus be an
important signaling node whose phosphorylation status reflects
input from activation of both PKA and PI3K/AKT pathways.

We observed that B-AR activation also led to a number of
key dephosphorylation events in protein targets of PI3K/AKT:

PLOS ONE | www.plosone.org

GSK3B(S9), 4E-BP1(S65), and p70S6K(T389). PI3K/AKT is a
master regulator of cell growth, and activation of this signaling
pathway is critical for cell survival and is upregulated in many
cancers [32]. We demonstrated that forskolin inhibits AKT
kinase activity in MEFs and that inhibitors of PI3-kinase could
generate the same dephosphorylation events. The B-AR-
induced dephosphorylation events were PKA-independent
because they were not blocked by H89 pretreatment; they were
also not reproduced with EPAC agonists. Our finding that
isoproterenol stimulation reduced AKT activity is interesting
and matches a previous report that showed a link between
cAMP activation and reduction of PI3BK/AKT pathway in human
diffuse large B cell lymphoma cells [33]. Similar to our study,
this report found that cAMP inhibited PI3K/AKT in the
lymphoma cells by a mechanism that was independent of PKA

December 2013 | Volume 8 | Issue 12 | e82164
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Figure 6
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Figure 6. A model of phosphoprotein signaling mediated by B-AR agonists and forskolin. Cyclic AMP (cAMP) is generated
by activation of adenylyl cyclase (AC) through B-AR stimulation or by direct activation by forskolin. PKA is then activated by cAMP
and phosphorylates a variety of targets either directly (single arrow) or through intermediates (sequential arrows). Independent of
PKA kinase activity, cAMP can inhibit basal PI3K/AKT activity leading to the dephosphorylation of downstream targets for PI3K/
AKT. PP1a is also dephosphorylated by agents that increase cAMP levels, but this dephosphorylation is not dependent on
PI3K/AKT inhibition, as neither treatment with LY294002 (LY) nor wortmannin (Wort) led to dephosphorylation of PP1a. GSK3f can
be phosphorylated by both PKA and AKT. When MEFs are stimulated by isoproterenol or forskolin in the presence of H89 (PKA
inhibitor), enhanced dephosphorylation of GSK3p is observed because the rapid phosphorylation of GSK3p by PKA is blocked.
Basal phosphorylation of GSK3p by AKT is inhibited by cAMP leading to the dephosphorylation of GSK3p. Solid arrows represent
phosphorylation, double line arrows represent activation, and blocked lines represent inhibition.

doi: 10.1371/journal.pone.0082164.9g006

J

and Epac [33]. Furthermore, inhibition of PI3BK/AKT by cAMP while inhibiting growth of other tissues during stressful periods

has also been reported in COS cells, a fibroblast-like cell line when catecholamine levels are high.

[34]. In this report, the authors found that cAMP inhibited AKT It is still unclear how cAMP inhibited Pl3kinase/AKT in our
by blocking the membrane association of AKT with its MEF cells. One possibility is that it occurs through another
upstream regulator PDK1. Similarly, a study of dermal unknown cAMP sensor. It is also possible that this effect on

fibroblasts showed that the growth of these cells was inhibited Pl3kinase/AKT occurred through the regulatory units of PKA.

by B2-AR actiyation and that this was associated with .a Although H89 inhibits the catalytic activity of PKA, it does not
dephosphqrylatlon of AK.T [35]. However, these results are in prevent the dissociation of PKA into its catalytic and regulatory
contrast with other studies that have shown that f2-AR can . . .
» units, and a prior study showed that the regulatory units of PKA
positively couple to AKT. For example, B2-AR has been shown . : . . .
. . . . . may have important signaling functions [36]. Future studies are
to activate PI3K/AKT via a Gi-dependent process in cardiac . . .
needed to understand how B-AR agonists signaling through

myocytes [7]. We speculate that this differential coupling to AMP late th tivity of PISKIAKT
PIBK/AKT may be a mechanism to preserve some tissues c can reguiate the activity o ’
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The other dephosphorylation event that was cAMP-
dependent, but independent of PI3K was of PP1a(T320). PP1a
is a central regulator of protein phosphorylation that also has
been shown to control cell cycle progression [37].
Dephosphorylation of PP1a at threonine 320 is known to result
in activation of this phosphatase [25] and this activity has been
linked to both G1 arrest of human cancer cells [38] and
promotion of apoptosis in HL-60 cells concurrent with
dephosphorylation of the retinoblastoma protein pRB [39].
Thus, cAMP-dependent activation of PP1a may be another
way by which B-AR agonists may have anti-proliferative and
pro-apoptotic effects.

Our data also suggest that activation of PP1a may be part of
a feedback loop by which cAMP returns PKA-phosphorylated
substrates to basal state. In support of this concept is the
finding that dephosphorylation of PP1a(T320) was a delayed B-
AR signaling event that coincided with the secondary decline in
phosphorylation levels of PKA substrate and CREB post
stimulation. Although not specific for PP1, okadaic acid also
increased the basal phosphorylation levels of PKA substrate,
resulting in no induction and no secondary decline in phospho-
substrate after B-AR stimulation. In the heart, PP1 has been
shown to dephosphorylate protein targets that are
phosphorylated by PKA, such phospholambam [40]. PP1
activity is also enhanced in heart failure and may be a part of
homeostatic mechanism to counterbalance chronic B-AR
activation [41]. In addition to PP1, previous literature showed
that cAMP could activate another phosphatase, PP2, in a PKA
independent fashion in NRK-52E cells [42], suggesting that
there may be a broader activation of phosphatases by cAMP.
Further work is necessary to determine the mechanism of how
cAMP promotes PP1a(T320) dephosphorylation and to explore
the hypothesis that this is a way of extinguishing B-AR
signaling in MEFs and other cell types.

In summary, we propose the following model of B-AR
signaling to explain the observed phosphorylation and
dephosphorylation events (Figure 6). The phosphorylation
events (e.g., ERK1/2(T202/Y204), CREB(S133), Cdc2(Y15),
Pyk2(Y402), and PKA substrate that we observed downstream
of B-AR activation were all dependent on cAMP and PKA
because they were reproduced by forskolin and were blocked
by treatment with PKA inhibitor H89. Based on our studies with
the selective B-AR antagonists, we also observed that 32-ARs
have a greater capacity than B1-ARs to couple to these
phosphorylation events. We reason that this may be due to the
regulation of distinct pools of cAMP by the different B-AR
subtypes as has been observed in other cells [22,43]. This may
also be related to the finding that 2-AR are the major B-AR
subtype in MEFs. On the other hand, most of the
dephosphorylation events that we observed (e.g., GSK33(S9),
4E-BP1(S65), p70S6K(T389)) were independent of PKA
activity and, instead, were mediated by cAMP inhibition of
PI3K/AKT (Figure 6), with the exception of GSK3f3 which was
targeted by both pathways. Both B-AR subtypes coupled
equally well to the dephosphorylation events, suggesting that
they are regulated by a common pool of cAMP. In addition, we
identified an example of a B-AR-induced dephosphorylation
event, PP1a(T320), that appeared to be independent of the
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decrease in PIBK/AKT and may play a role in extinguishing the
phosphorylation of certain PKA substrates to terminate
signaling.

In conclusion, we have shown how application of lysate
microarrays can be used to provide a greater understanding of
phosphoprotein signaling for a specific pathway. By applying
lysate microarrays to B-AR signaling in MEFs, we identified
novel B-AR signaling events, including protein phosphorylations
and dephosphorylations. Further delineation of these pathways
in MEFs and other cell types will be important for defining a
role for B-AR agonists/antagonists in cancer treatment and will
be useful to wunderstanding how states of chronic
catecholamine excess (e.g., heart failure) can lead to
proliferation or apoptosis of different cell types.

Supporting Information

File S1. Figures S1-S6. Figure S1. Competition binding study
in MEFs with ICI 118,551. Membranes were prepared from
MEFs and were used in binding reactions. For each reaction,
60 upg of membranes was incubated with 10 nM
[*H]dihydroalprenolol ([*H]DHA) and varying concentrations of
the B2-AR selective antagonist IClI 188,551. Non-specific
binding was determined in the presence of 1 uM alprenolol.
Results show mean + SEM values from three experiments.
Competition data were best fit with a two-site model that
included a high-affinity binding site (74.7%) and low-affinity
binding site (25.3%) for ICI 118,551. The high-affinity site
corresponds to 2-AR, whereas low-affinity sites are 31-AR or
B3-AR. Figure S2. Phosphoprotein signaling in MEFs after
stimulation with epinephrine. A heat map representation of
phosphoprotein changes over time. MEFs were grown to
confluence and then were stimulated with different doses of
epinephrine (Epi) (1 yM, 10 uM, or 100 uM) for various times
(0, 5, 10, 20, 30, or 60 minutes). Stimulations were performed
in the presence or absence of the alpha 1 adrenergic receptor
antagonist prazosin (Praz) (1 uM). Using data from the lysate
microarrays, a heat map was constructed which revealed
distinct  clusters of  phosphorylation  (yellow) and
dephosphorylation (blue) events after epinephrine stimulation.
The color scale shows fold change as compared with
unstimulated MEFs. Data are representative of two
independent experiments. Figure S3. Phosphoprotein signaling
in MEFs after stimulation with norepinephrine. A heat map
representation of phosphoprotein changes over time. MEFs
were grown to confluence and then were stimulated with
different doses of norepinephrine (Norepi) (1 uM, 10 uM, or
100 pM) for various times (0, 5, 10, 20, 30, or 60 minutes).
Stimulations were performed in the presence or absence of the
alpha 1 adrenergic receptor antagonist prazosin (Praz) (1 uM).
Using data from the lysate microarrays, a heat map was
constructed which revealed distinct clusters of phosphorylation
(yellow) and dephosphorylation (blue) events after
norepinephrine stimulation. The color scale shows fold change
as compared with unstimulated MEFs. Data are representative
of two independent experiments. Figure S4. Western blotting
confirmatory studies on MEF lysates used for lysate
microarrays. Figures show phospho (denoted by “p-“) and total
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levels of proteins as detected by western blotting. Each blot
represents an isoproterenol time course study with 0, 5, 10, 20,
30 and 60 minute stimulations. Dephosphorylated proteins are
shown at the top of the figure and phosphorylated proteins are
shown at the bottom of the figure. Figure S5. Isoproterenol
induced phosphoprotein signaling in the presence of pertussis
toxin. MEFs were pretreated with pertussis toxin (PTX) (1
pg/ml) or vehicle control for 30 minutes and then stimulated
with isoproterenol (Iso) (1 uM) for various times (0, 5, 10, 20,
30, or 60 minutes). A heat map shows phosphorylation (yellow)
and dephosphorylation (blue) events after isoproterenol
stimulation. The isoproterenol time course study on the left was
performed in the presence of PTX and the time course study
on the right was performed in the presence of vehicle. The
color scale shows fold change as compared with unstimulated
MEFs. Data are means of three independent stimulation
experiments. Figure S6. Epac activation as assessed by the
Rap GAP assay. MEFs were stimulated with vehicle control
(C), forskolin (FSK) (50 uM), or the Epac-specific analog 8-
pCPT-2'-O-Me-cAMP (Epac) (250 pM) for 5 or 20 minutes.
Following stimulation, cells were lysed and incubated with Ral
GDS-Rap Binding Domain bound to glutathione-agarose beads
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to specifically pull down Rap1-GTP (see Materials and
Methods). Western blotting was then performed to detect
Rap1. Positive (+) and negative (-) controls are included in the
figure. Data depicted are representative of two independent
stimulation experiments.

(PDF)

Acknowledgements

We thank Dr. Philip S. Tsao for providing cell lines and
assisting with culturing techniques. We are indebted to Dr.
Brian K. Kobilka for providing reagents and guidance for
performing the ligand binding studies. We also thank Dr.
Shannon Dunn for critical reading of the manuscript.

Author Contributions

Conceived and designed the experiments: AC HS SC PU.
Performed the experiments: AC HS SC. Analyzed the data: AC
HS PU. Contributed reagents/materials/analysis tools: AC HS
SC. Wrote the manuscript: AC HS PU.

. Schmidt M, Sand C, Jakobs KH, Michel MC, Weernink PA (2007) Epac
and the cardiovascular system. Curr Opin Pharmacol 7: 193-200. doi:
10.1016/j.coph.2006.10.004. PubMed: 17276729.

. Xiao RP, Ji X, Lakatta EG (1995) Functional coupling of the beta 2-
adrenoceptor to a pertussis toxin-sensitive G protein in cardiac
myocytes. Mol Pharmacol 47: 322-329. PubMed: 7870040.

. Daaka Y, Luttrell LM, Lefkowitz RJ (1997) Switching of the coupling of
the beta2-adrenergic receptor to different G proteins by protein kinase
A. Nature 390: 88-91. doi:10.1038/36362. PubMed: 9363896.

. Friedman J, Babu B, Clark RB (2002) Beta(2)-adrenergic receptor
lacking the cyclic AMP-dependent protein kinase consensus sites fully
activates extracellular signal-regulated kinase 1/2 in human embryonic
kidney 293 cells: lack of evidence for G(s)/G(i) switching. Mol
Pharmacol 62: 1094-1102. doi:10.1124/mol.62.5.1094. PubMed:
12391272.

. Park Sk, Dadak AM, Haase VH, Fontana L, Giaccia AJ et al. (2003)
Hypoxia-Induced Gene Expression Occurs Solely through the Action of
Hypoxia-Inducible Factor. p. 1 (HIF-1 ): Role of Cytoplasmic Trapping
of HIF-2 Molecular and Cellular Biology 23: 4959-4971

. Chan SM, Ermann J, Su L, Fathman CG, Utz PJ (2004) Protein

microarrays for multiplex analysis of signal transduction pathways. Nat

Med 10: 1390-1396. doi:10.1038/nm1139. PubMed: 15558056.

Saeed Al, Sharov V, White J, Li J, Liang W et al. (2003) TM4: a free,

open-source system for microarray data management and analysis.

BioTechniques 34: 374-378. PubMed: 12613259.

Tusher VG, Tibshirani R, Chu G (2001) Significance analysis of

microarrays applied to the ionizing radiation response. Proc Natl Acad

Sci U S A 98: 5116-5121. doi:10.1073/pnas.091062498. PubMed:

11309499.

Richter W, Day P, Agrawal R, Bruss MD, Granier S et al. (2008)

Signaling from beta1- and beta2-adrenergic receptors is defined by

differential interactions with PDE4. EMBO J 27: 384-393. doi:10.1038/

sj.emboj.7601968. PubMed: 18188154.

Bruss MD, Richter W, Horner K, Jin SLC, Conti M (2008) Critical Role

of PDE4D in 2-Adrenoceptor-dependent cAMP Signaling in Mouse

Embryonic Fibroblasts. J Biol Chem 283: 22430-22442. doi:10.1074/

jbc.M803306200. PubMed: 18508768.

Duronio V, Scheid MP, Ettinger S (1998) Downstream signalling events

regulated by phosphatidylinositol 3-kinase activity. Cell Signal 10:

233-239. doi:10.1016/S0898-6568(97)00129-0. PubMed: 9617480.

Kwon YG, Lee SY, Choi Y, Greengard P, Nairn AC (1997) Cell cycle-

dependent phosphorylation of mammalian protein phosphatase 1 by

cdc2 kinase. Proc Natl Acad Sci U S A 94: 2168-2173. doi:10.1073/

pnas.94.6.2168. PubMed: 9122166.

20.

21.

22.

23.

24.

25.

December 2013 | Volume 8 | Issue 12 | e82164


http://dx.doi.org/10.1038/321075a0
http://www.ncbi.nlm.nih.gov/pubmed/3010132
http://dx.doi.org/10.1126/science.2570461
http://www.ncbi.nlm.nih.gov/pubmed/2570461
http://dx.doi.org/10.1073/pnas.84.22.7920
http://www.ncbi.nlm.nih.gov/pubmed/2825170
http://dx.doi.org/10.1097/CRD.0b013e3181bdf63e
http://dx.doi.org/10.1097/CRD.0b013e3181bdf63e
http://www.ncbi.nlm.nih.gov/pubmed/19829179
http://dx.doi.org/10.1111/j.1751-7176.2011.00515.x
http://dx.doi.org/10.1111/j.1751-7176.2011.00515.x
http://www.ncbi.nlm.nih.gov/pubmed/21896144
http://dx.doi.org/10.1074/jbc.M611370200
http://www.ncbi.nlm.nih.gov/pubmed/17353197
http://www.ncbi.nlm.nih.gov/pubmed/15979723
http://dx.doi.org/10.1158/1078-0432.CCR-11-0641
http://www.ncbi.nlm.nih.gov/pubmed/22186256
http://dx.doi.org/10.1111/j.1365-201X.2007.01693.x
http://dx.doi.org/10.1111/j.1365-201X.2007.01693.x
http://www.ncbi.nlm.nih.gov/pubmed/17428228
http://dx.doi.org/10.1016/j.ejcb.2006.02.004
http://dx.doi.org/10.1016/j.ejcb.2006.02.004
http://www.ncbi.nlm.nih.gov/pubmed/16647784
http://dx.doi.org/10.1016/S0014-5793(03)00561-1
http://www.ncbi.nlm.nih.gov/pubmed/12829244
http://dx.doi.org/10.1016/j.tibs.2006.10.002
http://www.ncbi.nlm.nih.gov/pubmed/17084085
http://dx.doi.org/10.1113/jphysiol.2006.119644
http://dx.doi.org/10.1113/jphysiol.2006.119644
http://www.ncbi.nlm.nih.gov/pubmed/16973695
http://dx.doi.org/10.1016/j.coph.2006.10.004
http://www.ncbi.nlm.nih.gov/pubmed/17276729
http://www.ncbi.nlm.nih.gov/pubmed/7870040
http://dx.doi.org/10.1038/36362
http://www.ncbi.nlm.nih.gov/pubmed/9363896
http://dx.doi.org/10.1124/mol.62.5.1094
http://www.ncbi.nlm.nih.gov/pubmed/12391272
http://dx.doi.org/10.1038/nm1139
http://www.ncbi.nlm.nih.gov/pubmed/15558056
http://www.ncbi.nlm.nih.gov/pubmed/12613259
http://dx.doi.org/10.1073/pnas.091062498
http://www.ncbi.nlm.nih.gov/pubmed/11309499
http://dx.doi.org/10.1038/sj.emboj.7601968
http://dx.doi.org/10.1038/sj.emboj.7601968
http://www.ncbi.nlm.nih.gov/pubmed/18188154
http://dx.doi.org/10.1074/jbc.M803306200
http://dx.doi.org/10.1074/jbc.M803306200
http://www.ncbi.nlm.nih.gov/pubmed/18508768
http://dx.doi.org/10.1016/S0898-6568(97)00129-0
http://www.ncbi.nlm.nih.gov/pubmed/9617480
http://dx.doi.org/10.1073/pnas.94.6.2168
http://dx.doi.org/10.1073/pnas.94.6.2168
http://www.ncbi.nlm.nih.gov/pubmed/9122166

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Han SJ, Conti M (2006) New pathways from PKA to the Cdc2/cyclin B
complex in oocytes: Wee1B as a potential PKA substrate. Cell Cycle 5:
227-231. doi:10.4161/cc.5.3.2395. PubMed: 16418576.

Norbury C, Blow J, Nurse P (1991) Regulatory phosphorylation of the
p34cdc2 protein kinase in vertebrates. EMBO J 10: 3321-3329.
PubMed: 1655417.

Meyer AN, Gastwirt RF, Schlaepfer DD, Donoghue DJ (2004) The
cytoplasmic tyrosine kinase Pyk2 as a novel effector of fibroblast
growth factor receptor 3 activation. J Biol Chem 279: 28450-28457. doi:
10.1074/jbc.M403335200. PubMed: 15105428.

Xiong W, Parsons JT (1997) Induction of apoptosis after expression of
PYK2, a tyrosine kinase structurally related to focal adhesion kinase. J
Cell Biol 139: 529-539. doi:10.1083/jcb.139.2.529. PubMed: 9334354.
Srivastava AK, Pandey SK (1998) Potential mechanism(s) involved in
the regulation of glycogen synthesis by insulin. Mol Cell Biochem 182:
135-141. doi:10.1023/A:1006857527588. PubMed: 9609122.

Li M, Wang X, Meintzer MK, Laessig T, Birnbaum MJ et al. (2000)
Cyclic AMP promotes neuronal survival by phosphorylation of glycogen
synthase kinase 3beta. Mol Cell Biol 20: 9356-9363. doi:10.1128/MCB.
20.24.9356-9363.2000. PubMed: 11094086.

Sheppard K, Kinross KM, Solomon B, Pearson RB, Phillips WA (2012)
Targeting PI3 kinase/AKT/mTOR signaling in cancer. Crit Rev Oncog
17: 69-95. doi:10.1615/CritRevOncog.v17.i1.60. PubMed: 22471665.
Smith PG, Wang F, Wilkinson KN, Savage KJ, Klein U et al. (2005) The
phosphodiesterase PDE4B limits cAMP-associated PI3K/AKT-
dependent apoptosis in diffuse large B-cell lymphoma. Blood 105:
308-316. doi:10.1182/blood-2004-01-0240. PubMed: 15331441.

Kim S, Jee K, Kim D, Koh H, Chung J (2001) Cyclic AMP inhibits Akt
activity by blocking the membrane localization of PDK1. J Biol Chem
276: 12864-12870. doi:10.1074/jbc.M001492200. PubMed: 11278269.
Sivamani RK, Pullar CE, Manabat-Hidalgo CG, Rocke DM, Carlsen RC
et al. (2009) Stress-mediated increases in systemic and local

PLOS ONE | www.plosone.org

13

36.

37.

38.

39.

40.

41.

42.

43.

Phosphoprotein Profiling of R-AR Signaling

epinephrine impair skin wound healing: potential new indication for beta
blockers. PLoS Med 6: e12. doi:10.1371/journal.pmed.1000012.
PubMed: 19143471.

Cheadle C, Nesterova M, Watkins T, Barnes KC, Hall JC et al. (2008)
Regulatory subunits of PKA define an axis of cellular proliferation/
differentiation in ovarian cancer cells. BMC Med Genomics 1: 43. doi:
10.1186/1755-8794-1-43. PubMed: 18822129.

Ceulemans H, Bollen M (2004) Functional diversity of protein
phosphatase-1, a cellular economizer and reset button. Physiol Rev 84:
1-39. doi:10.1152/physrev.00013.2003. PubMed: 14715909.

Berndt N, Dohadwala M, Liu CW (1997) Constitutively active protein
phosphatase 1alpha causes Rb-dependent G1 arrest in human cancer
cells. Curr Biol 7: 375-386. doi:10.1016/S0960-9822(06)00185-0.
PubMed: 9197238.

Wang RH, Liu CW, Avramis VI, Berndt N (2001) Protein phosphatase
1alpha-mediated stimulation of apoptosis is associated with
dephosphorylation of the retinoblastoma protein. Oncogene 20:
6111-6122. doi:10.1038/sj.onc.1204829. PubMed: 11593419.

Nicolaou P, Kranias EG (2009) Role of PP1 in the regulation of Ca
cycling in cardiac physiology and pathophysiology. Front Biosci
(Landmark Ed) 14: 3571-3585. PubMed: 19273294.

Carr AN, Schmidt AG, Suzuki Y, del Monte F, Sato Y et al. (2002) Type
1 Phosphatase, a Negative Regulator of Cardiac Function. Mol Cell Biol
22: 4124-4135. doi:10.1128/MCB.22.12.4124-4135.2002. PubMed:
12024026.

Feschenko MS, Stevenson E, Nairn AC, Sweadner KJ (2002) A novel
cAMP-stimulated pathway in protein phosphatase 2A activation. J
Pharmacol Exp Ther 302: 111-118. doi:10.1124/jpet.302.1.111.
PubMed: 12065707.

Xiang YK (2011) Compartmentalization of beta-adrenergic signals in
cardiomyocytes. Circ Res 109: 231-244. doi:10.1161/CIRCRESAHA.
110.231340. PubMed: 21737818.

December 2013 | Volume 8 | Issue 12 | e82164


http://dx.doi.org/10.4161/cc.5.3.2395
http://www.ncbi.nlm.nih.gov/pubmed/16418576
http://www.ncbi.nlm.nih.gov/pubmed/1655417
http://dx.doi.org/10.1074/jbc.M403335200
http://www.ncbi.nlm.nih.gov/pubmed/15105428
http://dx.doi.org/10.1083/jcb.139.2.529
http://www.ncbi.nlm.nih.gov/pubmed/9334354
http://dx.doi.org/10.1023/A:1006857527588
http://www.ncbi.nlm.nih.gov/pubmed/9609122
http://dx.doi.org/10.1128/MCB.20.24.9356-9363.2000
http://dx.doi.org/10.1128/MCB.20.24.9356-9363.2000
http://www.ncbi.nlm.nih.gov/pubmed/11094086
http://dx.doi.org/10.1615/CritRevOncog.v17.i1.60
http://www.ncbi.nlm.nih.gov/pubmed/22471665
http://dx.doi.org/10.1182/blood-2004-01-0240
http://www.ncbi.nlm.nih.gov/pubmed/15331441
http://dx.doi.org/10.1074/jbc.M001492200
http://www.ncbi.nlm.nih.gov/pubmed/11278269
http://dx.doi.org/10.1371/journal.pmed.1000012
http://www.ncbi.nlm.nih.gov/pubmed/19143471
http://dx.doi.org/10.1186/1755-8794-1-43
http://www.ncbi.nlm.nih.gov/pubmed/18822129
http://dx.doi.org/10.1152/physrev.00013.2003
http://www.ncbi.nlm.nih.gov/pubmed/14715909
http://dx.doi.org/10.1016/S0960-9822(06)00185-0
http://www.ncbi.nlm.nih.gov/pubmed/9197238
http://dx.doi.org/10.1038/sj.onc.1204829
http://www.ncbi.nlm.nih.gov/pubmed/11593419
http://www.ncbi.nlm.nih.gov/pubmed/19273294
http://dx.doi.org/10.1128/MCB.22.12.4124-4135.2002
http://www.ncbi.nlm.nih.gov/pubmed/12024026
http://dx.doi.org/10.1124/jpet.302.1.111
http://www.ncbi.nlm.nih.gov/pubmed/12065707
http://dx.doi.org/10.1161/CIRCRESAHA.110.231340
http://dx.doi.org/10.1161/CIRCRESAHA.110.231340
http://www.ncbi.nlm.nih.gov/pubmed/21737818

	Broad-Scale Phosphoprotein Profiling of Beta Adrenergic Receptor (β-AR) Signaling Reveals Novel Phosphorylation and Dephosphorylation Events
	Introduction
	Materials and Methods
	Cell Culture and Reagents
	Stimulation Experiments and Lysate Preparation
	Lysate Microarray Printing and Processing
	Microarray Data Analysis
	Western Blotting
	Rap1 Pull-Down Assay
	In Vitro AKT Kinase Assay
	Radioligand Binding Assay

	Results
	Discussion
	Supporting Information
	Acknowledgements
	Author Contributions
	References


