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Abstract

Phosphoinositide 3-kinasey (P13Ky) is activated by G-protein coupled receptors (GPCRs). We
show here that PI3Ky inhibits protein phosphatase 2A (PP2A) at the B-adrenergic receptor (BAR, a
GPCR) complex altering G-protein coupling. PI3Ky inhibition results in significant increase of
BAR-associated phosphatase activity leading to receptor dephosphorylation and resensitization
preserving cardiac function. Mechanistically, PI3Ky inhibits PP2A activity at the BAR complex by
phosphorylating an intracellular inhibitor of PP2A (12PP2A) on serine residues 9 & 93 resulting in
enhanced binding to PP2A. Indeed, enhanced phosphorylation of B2ARs is observed with
phosphomimetic 12PP2A mutant that was completely reversed with a mutant mimicking
dephosphorylated state. SiRNA depletion of endogenous 12PP2A augments PP2A activity despite
active PI3K resulting in p2AR dephosphorylation and sustained signaling. Our study provides the
underpinnings of a PI3Ky mediated regulation of PP2A activity that has significant consequences
on receptor function with broad implications in cellular signaling.

INTRODUCTION

G-protein-coupled receptors (GPCRs) are large family of seven transmembrane receptors
regulating cellular responses to external stimuli(Heitzler et al., 2009). B-adrenergic receptor
(BAR) is a representative GPCR regulating cardiovascular, respiratory, metabolic and
reproductive functions(Rockman et al., 2002). Abnormalities in BAR function are well
documented in many pathological conditions including heart failure(Rockman et al., 2002)
and asthma(Penn, 2009). Agonist activation of ;1 or f, AR (ubiquitously expressed BARS)
results in their phosphorylation by GPCR kinase 2 (GRK2) and protein kinase A (PKA)
initiating desensitization(Rockman et al., 2002). Phosphorylation of BAR results in -
arrestin recruitment to the receptor complex(Rockman et al., 2002) that physically interdicts
further coupling of the receptor to G-protein(Rockman et al., 2002) and targets the receptor
for clathrin mediated internalization(Claing et al., 2002).

Internalized receptors are resensitized by dephosphorylation in the early endosomes by
protein phosphatase 2A (PP2A)(Krueger et al., 1997) and are recycled back to the plasma
membrane(Rockman et al., 2002). PP2A is a serine-threonine phosphatase, a holoenzyme
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containing heterodimers of catalytic and scaffolding subunits that associates with a
combination of regulatory subunits conferring substrate selectivity, specificity and
localization(Sontag, 2001; Virshup and Shenolikar, 2009). PP2A is also regulated by
endogenously occurring inhibitor proteins called the inhibitors of PP2A (11- and 12-PP2A)
(Li and Damuni, 1998). Despite PP2A activity being tightly regulated, nothing is known
about mechanisms regulating its activity at the BAR complex as dephosphorylation of BARs
by PP2A is a prerequisite step in resensitization(Ferguson, 2001; Krueger et al., 1997) which
has implications in pathology.

PI3Ky (p110y) belongs to the class IB family of PI3Ks that are activated upon GPCR
stimulation(Vanhaesebroeck et al., 1997). All members of the PI3K family are dual
specificity enzymes characterized by protein and lipid kinase activities(Dhand et al., 1994;
Vanhaesebroeck et al., 1997). Previous studies have shown that protein and lipid kinase
activities of PI3Ky are critical for BAR internalization(Naga Prasad et al., 2005).
Pharmacologic inhibition of PI3K and studies in PI3Ky knock out (PI3Ky KO) mice showed
elevated BAR mediated intracellular Ca2* transients and cAMP production with enhanced
cardiac contractility(Crackower et al., 2002; Leblais et al., 2004). Studies in PI3KYinact
transgenic (Tg) showed marked improvement in cardiac function associated with significant
preservation of BAR function(Nienaber et al., 2003) suggesting receptor resensitization.
Since studies have shown that PI3Ky activity is selectively augmented in heart
failure(Perrino et al., 2007), we postulated that inhibition of PI3Ky would result in BAR
resensitization through an yet unknown mechanism.

PI3K inhibits BAR resensitization

To investigate whether PI3K inhibits receptor resensitization in vivo, we generated double
transgenic (Tg) mice with cardiac specific overexpression of FLAG-B1AR and PI3Kyinact-
Wild type (WT), single or double Tg mice were administered vehicle (VEH) or
isoproterenol (ISO) for seven days. M-mode echocardiography (Fig.1a) and fractional
shortening (%FS) measurements (Fig. S1a) showed normalized cardiac function in double
Tg mice compared to FLAG-B1AR single Tg mice. Consistent with previous
studies(Nienaber et al., 2003), PI3Kyinact Single Tg mice showed preservation of cardiac
function (data not shown). Measurement of BAR function by adenylyl cyclase activity and
receptor density by ligand binding BAR desensitization (Fig.1b) and internalization (Fig.
S1b) in WT and FLAG-B1AR single Tg mice. Consistent with previous studies(Nienaber et
al., 2003), ISO treated PI3Kyinact Single Tg mice showed preserved BAR function (Fig. 1b).
Furthermore, ISO treated double Tg mice showed significant BAR resensitization without
internalization (Fig. 1b & Fig. S1b) establishing a role for PI3Ky in receptor desensitization/
resensitization.

To dissect the molecular mechanism of receptor resensitization we generated double (B;AR-
P13Kyinact) Stable cells. Double and B1AR single stable cells were challenged and
rechallenged (Rapacciuolo et al., 2003) with B1AR selective agonist dobutamine (Dob).
Significant cAMP generation observed with Dob challenge in B1AR cells (Fig. 1c, black
bar) was abolished following rechallenge with Dob (Fig.1c, grey bars) showing receptor
desensitization. In contrast, inhibition of PI3K by PI3Kyinact OF wortmannin (Wort, a
selective PI3K inhibitor) resulted in significant cAMP generation (Fig. 1c, grey bars)
showing B1AR resensitization. PI3K inhibition in neonatal ventricular myocytes also
resulted in enhanced BAR function (Fig. S1c). Since PI3Kyinact attenuates BAR
internalization(Naga Prasad et al., 2001), we tested whether BAR resensitization is due to
reduced BAR internalization or independent of internalization. Cells expressing Dynamin
K44A mutant, PI3Kyinact OF treated with sucrose were challenged and rechallenged with
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Dob. Despite inhibition of receptor internalization by Dynamin K44A or sucrose (Fig. 1e),
no B1AR resensitization was observed (Fig. 1d, grey bars). In contrast, significant
resensitization was observed with P13Kyinact (Fig. 1d, grey bars) demonstrating PI3Ky
specificity.

PI3Ky regulates BAR resensitization by altering plasma membrane receptor
dephosphorylation

As agonist-mediated BAR phosphorylation is not altered with PI3Kyin,ct(Naga Prasad et al.,
2001; Nienaber et al., 2003), preservation of BAR function may occur by regulating
dephosphorylation. To test whether PI3Ky regulates receptor dephosphorylation, metabolic
labeling was carried out in B1AR cells pre-treated with endocytic inhibitors. Significant
agonist-dependent B1 AR phosphorylation observed on the plasma membranes (PM) with
endogenous PI3Ky (control cells i.e., vector) (Fig. 2a) was abolished in presence of
P13KYinact (Fig. 2a). Since mechanisms of 1 and B2AR phosphorylation and desensitization
(Rockman et al., 2002) are similar we assessed whether B,AR phosphorylation is altered
with PI3Kyinact- Immunablotting by anti-phospho-p,AR antibody(Tran et al., 2007)
recognizing GRK phosphorylation sites showed significant receptor phosphorylation (Fig.
2b, vector) that was abolished with PI3Kyinact (Fig. 2b). This confirms that absence of active
P13Ky results in BAR dephosphorylation at the plasma membrane (Fig. 2 a & b). This
observation is contrary to the current paradigm which surmises that receptor resensitization
occurs by PP2A-mediated dephosphorylation in the endosomes(Krueger et al., 1997).
Consistently, confocal microscopy showed no BoAR phosphorylation (green) in the absence
of 1ISO (Fig. 2c, panels 1, 3,9 & 11). In contrast, 1SO stimulation resulted in significant
B2AR phosphorylation (green) (Fig. 2c, panels 2, 4, 10 &12, arrows) which was markedly
reduced in the neighboring cells expressing PI3Kyinact (red) (Fig. 2c, panels 4, 8 & 12, arrow
heads) indicating enhanced receptor dephosphorylation. These data demonstrate that
absence of active PI3Ky at the BAR complex results in receptor dephosphorylation leading
to resensitization.

PI3Ky regulates receptor resensitization by inhibiting PP2A activity at the BAR complex

Studies have shown that dephosphorylation of BARs is mediated by PP2A(Ferguson, 2001).
To test whether PP2A is a target of PI13Ky in BAR resensitization, PP2A was inhibited in
B1AR-PI3Kyinact cells. Significant CAMP generation was observed in B1AR-PI13Kyinact cells
following rechallenge with Dob (Fig. 3a, grey bars). In contrast, inhibition of endogenous
PP2A by okadaic acid (OA) or fostriecin (Fost)(Swingle et al., 2007; Weinbrenner et al.,
1998) resulted in loss of B1AR resensitization conferred by PI3Kyinact (Fig. 3a, grey bars)
showing that PP2A is a downstream target of PI3Ky. Consistent with these observations,
significant inhibition of plasma membrane Serine-Threonine phosphatase activity was
observed in cells expressing WT PI3Ky which was reversed with P13Kyinact following
agonist (Fig. S3a).

To directly address the role of PP2A regulation by PI3Ky in a physiological setting, myocyte
contractility was assessed in adult cardiomyocytes isolated from WT and PI3Kyjnact mice
administered with VEH or 1SO for 7 days. Significant contractility was observed with 1SO
in myocytes isolated from vehicle administered WT mice which was blocked with OA
pretreatment (Fig. 3c). In contrast, the contractility was reduced with acute 1SO in myocytes
isolated from 7 days (chronic) 1SO treated WT mice (Fig. 3c). Despite chronic 1SO,
myocytes from the PI3Kyinact Mice retained contractile capability (Fig. 3 b & c) that was
abolished by pre-treatment with okadaic acid (OA) (Fig. 3 b & c). These data show that
P13Ky negatively regulates PP2A function as inhibition of PP2A by OA results in impaired
contraction in myocytes from PI3Kyjnact Mice.
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To test whether PI3Ky regulates B1AR-associated phosphatase activity, cells were pre-
treated with Wort and B1ARs immunoprecipitated from plasma membranes. Dob simulation
showed significant elevation in ;AR-associated phosphatase activity with Wort that was
markedly reduced in vehicle (Fig. 3d). To further test in vivo whether ; AR-associated
phosphatase activity is regulated by PI3Ky, we used FLAG-B1AR/P13Kyjnact double
transgenic mice. FLAG-B1AR was immunoprecipitated from cardiac membranes and
associated phosphatase activity measured following Dob. Phosphatase activity was
significantly elevated in the double Tg (Fig. 3e) compared to 3; AR single Tg which
displayed marked inhibition (Fig. 3e). Metabolic labeling with simultaneous inhibition of
P13Ky by PI13Kyijnact and PP2A by OA restored FLAG-B1 AR phosphorylation compared to
P13Ky inhibition alone following agonist challenge (Fig. S3b).

PI3K has documented lipid and protein kinase activities(Carpenter et al., 1993; Dhand et al.,
1994) and protein kinase activity of PI3Ky regulates BAR internalization(Naga Prasad et al.,
2005). We have used the previously characterized PI3Ky mutants (Naga Prasad et al., 2005)
containing protein (PIK-P), lipid (PIK-L), or both kinase activities (PIK-LP) to address their
roles in resensitization. Cells expressing these mutants were subjected to the protocol of Dob
challenge and rechallenge. Dob rechallenge resulted in B; AR desensitization with PIK-P or
PIK-LP (Fig. 3f) suggesting inhibition of receptor resensitization. In contrast, significant
cAMP generation was observed with PIK-L showing inability of lipid kinase component to
inhibit 1AR resensitization (Fig. 3f). This suggests that protein kinase component of PI3Ky
is critical for inhibition of BAR resensitization.

PI3Ky inhibits PP2A function at the receptor complex by phosphorylating I2PP2A

To determine the mechanism of PP2A inhibition by protein kinase component of P13Ky,
metabolic labeling was performed in presence and absence of PI3Ky. No appreciable
phosphorylation of PP2A catalytic (Fig. 4a) or regulatory subunit (data not shown) was
observed following agonist stimulation suggesting alternative mechanisms of PP2A
regulation. Since PP2A activity can be inhibited by inhibitory proteins 11- or 12-PP2A(Li
and Damuni, 1998), we tested whether PI13K phosphorylates 12PP2A as it is the major
isoform in cardiac plasma membranes (data not shown). The mechanism by which I12PP2A
inhibits PP2A is unknown and is speculated that phosphorylation of 12PP2A may lead to
enhanced binding to PP2A (Pandey et al., 2003). Agonist stimulation resulted in robust
plasma membrane 12PP2A phosphorylation in cells which was markedly reduced with
P13KYinact (Fig. 4b) or Wort pre-treatment (Fig. S4a). Immunoblotting with a pan anti-
phospho-serine antibody validated that PI3Ky phosphorylates 12PP2A (Fig. S4b).

To directly demonstrate that I2PP2A is a substrate for protein kinase activity of PI3Ky, in
vitro phosphorylation assays were performed on bacterially purified 12PP2A. Robust
I2PP2A phosphorylation was observed with immunoprecipitated endogenous (Fig. 4c) or
Baculovirus purified Wt PI13Ky protein (Fig. 4d) which was completely abolished with
P13KYinact (Fig. 4c & 4d). Treatment of Wt PI3Ky protein with Wort (Fig. 4d) or
immunoprecipitation of endogenous PI13Ky from Wort pre-treated cells (Fig. 4c) resulted in
marked inhibition of 12PP2A phosphorylation demonstrating that I2PP2A is a substrate for
P13Ky. Kinetic and stoichiometric analyzes (Fig. S4 c, d & e) showed that 1.8 mol
phosphate/mol of 12PP2A was transferred by PI3Ky catalytic activity suggesting 12PP2A is
phosphorylated at more than one site.

Given that PI3Ky phosphorylates I2PP2A, we investigated whether PI3K-mediated
phosphorylation is a key step in 12PP2A binding to PP2A. Endogenous 12PP2A was
immunoprecipitated from plasma membranes and blotted for co-immunoprecipitating PP2A
catalytic subunit. BAR stimulation resulted in significant association of PP2A with I2PP2A
in VEH (Fig. 4e) that was abolished with PI3K inhibition by using pharmacologic or genetic
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approaches (Fig. 4e). Studies in the myocardium of PI3Kyinact Tg and controls recapitulated
that PI13Ky regulates 12PP2A binding to PP2A (Fig. 4f). Taken together our studies show
that 12PP2A is a direct target for protein kinase activity of PI3Ky unraveling the molecular
basis of PP2A inhibition by 12PP2A.

Serine 9 and 93 phosphorylation on I2PP2A by PI3Ky regulates agonist mediated I2PP2A-
PP2A interaction

A combination of mass spectrometry, bioinformatics, mutagenesis and co-
immunoprecipitation (supplementary methods & Fig. S5 a-c) studies led to identification of
Serine 9 and 93 as phosphorylation sites on I2PP2A by PI3Ky. In vitro kinase assays using
I2PP2A mutant with serine 9 and 93 replaced to alanines (S9, 93A) showed significant loss
of phosphorylation demonstrating that PI3Ky phosphorylates I2PP2A on these sites (Fig.
5a). To prove that phosphorylation of these two serines by PI13Ky is critical for its
interaction with PP2A, mutants of 12PP2A S9, 93A (constitutively dephosphorylated) or S9,
93D (constitutively phosphorylated, serine to aspartic acid) were expressed in cells and
agonist mediated 12PP2A-PP2A interaction assessed. Significant loss in agonist mediated
I2PP2A-PP2A interaction was observed with S9, 93A (Fig. 5b). Interestingly, S9, 93D
mutant showed higher interaction with PP2A even at baseline which disappears from plasma
membrane upon stimulation (Fig.5b) suggesting internalization of BAR complex containing
I12PP2A-PP2A. To test whether differential interaction of 12PP2A mutants with PP2A alters
B2AR phosphorylation confocal microscopy was performed. Upon 1SO stimulation
significant phosphorylation of the B,AR (green) was observed in vector and WT transfected
cells (Fig. 5d panels 2 & 4, arrows). Interestingly, 1SO stimulated phosphorylation of B,ARS
was abolished in cells expressing S9, 93A 12PP2A (Fig. 5d, panel 6). In contrast, S9, 93D
I12PP2A expressing cells showed significant B2 AR phosphorylation in unstimulated and
stimulated cells (Fig.5d, panels 7 & 8, arrows). Fluorescence quantification for vector, WT
and I12PP2A mutants are shown in Fig. 5¢c. WT and I2PP2A mutants showed similar levels
of expression (Fig. S5 d & e). Consistently, cells stably expressing S9, 93A 12PP2A showed
significant cAMP generation compared to cells with S9, 93D (Fig. S7a). These studies show
that 12PP2A is phosphorylated by PI3Ky on serine residues 9 and 93 resulting in PP2A
regulation of BAR function.

I2PP2A knock down results in sustained BAR signaling

Since PI3KYy inhibits PP2A activity via I2PP2A driving BAR desensitization, we postulated
that SIRNA mediated depletion of 12PP2A should result in receptor resensitization. Three
different SiRNAs targeting 12PP2A effectively depleted 12PP2A expression (Fig. 6a) leading
to concomitant increase in plasma membrane phosphatase activity (Fig. 6b & S6a).
Consistently, knock down of 12PP2A resulted in significant increase in adenylyl cyclase
activity (Fig. 6¢) and cAMP generation despite agonist (Fig. 6d & S6b).

To comprehensively study the of effect I2PP2A knock down, we generated short-hairpin
RNA (Shr-12PP2A) from siRNA1. B,AR expressing cells were transfected with Shr-12PP2A
and confocal microscopy was carried out to assess BoAR dephosphorylation. In the absence
of 1SO, no B2AR phosphorylation was observed (Fig. 6e, panels a, b & d). ISO treatment
resulted in significant phosphorylation of B,ARs (red) (Fig. 6e, panels e & h, arrows) in cells
without Shr-12PP2A. In contrast, BoAR phosphorylation was completely abolished (Fig. 6e,
panel e & h, arrowheads) in neighboring cells expressing Shr-12PP2A (green) (Fig. 6e, panel
f & h). To test whether 12PP2A regulates BAR function in myocytes, HL-1 cardiomyocyte
cell line was transfected with Shr-12PP2A. Significant cCAMP generation was observed
following agonist stimulation in I2PP2A knock down cells (Fig. S7b). These studies
demonstrate that I2PP2A is a critical link in PI3Ky-mediated inhibition of PP2A resulting in
plasma membrane receptor desensitization.
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Endosomal acidification leads to loss of PI3K enhancing PP2A activity

As internalized receptors undergo dephosphorylation in endosomes(Krueger et al., 1997),
we postulated that acidification of the endosomes may be a prerequisite step in loss of PI3K.
The loss of PI3K with acidification could release the inhibitory effect on PP2A resulting in
dephosphorylation and resensitization of BARs. To test this hypothesis, B1AR cells were
assessed for receptor-associated phosphatase activity, PI3K activity, and co-
immunoprecipitating PP2A, 12PP2A and PI3Ky in endosomes following stimulation.
Agonist stimulation of VEH treated cells showed marked increase in p;AR-associated
phosphatase activity (Fig. 7a) with significant reduction in PI3K activity (Fig. 7c). The loss
of B1AR-associated PI3K activity at 10 and 20 min is due to dissociation of PI3K from
receptor complex with endosomal acidification (Fig. 7b, lower panel). Importantly, blocking
endosomal acidification by bafilomycin rescued PI3K activity (Fig. 7¢), its interaction with
B1AR (Fig. 7b, lower panel) and reduced p;AR-associated phosphatase activity (Fig. 7a). In
contrast, PI3K inhibition by Wort (Fig. 7c) along with bafilomycin resulted in rescue of
B1AR-associated phosphatase activity (Fig. 7a) despite continued interaction of PI3Ky and
the receptor (Fig. 7b). Receptor association of PP2A and I2PP2A is not markedly altered
over time (Fig. 7b) suggesting that acidification drives disengagement of PI3Ky from the
complex unlocking the inhibition on PP2A.

Discussion

We show that PI13Ky negatively regulates BAR resensitization through a tightly coupled
process. Using a dominant negative strategy (P13Kyinact), We show a significant amelioration
of cardiac dysfunction due to preservation of BAR function (resensitization). Inhibition of
P13Ky showed reduced BAR phosphorylation that was associated with significant increase in
PP2A activity. Simultaneous inhibition of PP2A (by okadaic acid) and PI3Ky (by
P13Kyinact) restored ;AR phosphorylation in cells and reduced myocyte contractility.
PI13KYy inhibits PP2A activity by phosphorylating 12PP2A, an endogenous inhibitor of PP2A.
12PP2A phosphorylation results in enhanced binding to PP2A catalytic subunit inhibiting
phosphatase activity driving BAR desensitization.

GPCR function is regulated by desensitization (phosphorylation) and resensitization
(dephosphorylation). Desensitized BARs are internalized and resensitized by PP2A in acidic
environment of early endosomes (Krueger et al., 1997; Rockman et al., 2002). Our studies
suggest that receptors can be resensitized at the plasma membrane without undergoing
internalization; a process which we believe is dynamically regulated by PI3Ky. Such a view
is supported by our studies with PI3K inhibition, PP2A inhibition and loss of 12PP2A
function. Importantly, reversible BoAR phosphorylation observed with 12PP2A mutants (Fig.
5d) further strengthens this paradigm. Therefore, the role of receptor internalization for
resensitization is an enigma that raises the question whether desensitization and
internalization are independent or interdependent. Critically, data from our studies ascertain
that desensitization and internalization are two independent processes. In a recent study,
dephosphorylation of TRH receptors was observed despite inhibition of receptor
internalization (Jones and Hinkle, 2005) consistent with our view that receptors can be
dephosphorylated at the plasma membrane. This phenomenon may allow for more rapid
resensitization at plasma membrane following agonist-induced desensitization than for an
internalized receptor. Our studies show that by specifically targeting PI3Ky or 12PP2A we
can uncouple the overlapping processes of internalization and resensitization.

The recognition that internalization and resensitization could be independent processes then
begs the question as to why in all the previous studies, inhibition of internalization also
blocked receptor resensitization? We believe the connecting link between these two
processes is PI3Ky which is recruited to BAR complex and facilitates receptor

Mol Cell. Author manuscript; available in PMC 2012 March 18.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Vasudevan et al.

Page 7

internalization(Naga Prasad et al., 2002). Our current study shows that agonist mediated
recruitment of PI3Ky to the BAR complex inhibits PP2A-mediated receptor
dephosphorylation leading to desensitization. Pharmacologic or genetic inhibition of PI3Ky
results in BAR resensitization and is potentially the underlying cause for amelioration of
cardiac dysfunction observed in FLAG-B1AR/PI3Kyinact double Tg mice and PI13Kyijnact T9
mice(Nienaber et al., 2003) with cardiac stress. Consistent with this conjecture, inhibition of
PP2A activity by fostriecin results in the loss of resensitization despite the presence of
P13KYinact- Accordingly, loss in B1AR phosphorylation observed with expression of
P13Kyinact Was rescued with inhibition of PP2A by okadaic acid showing that PP2A is
downstream of PI3Kyin regulating receptor function. In this context, studies on myocytes
isolated from P13Kyjnact T mice showed reduction in ISO mediated contractility following
PP2A inhibition by okadaic acid. This is in contrast to the preserved myocyte contractile
response observed upon 1SO in myocytes from PI3Kyinact Tg mice compared to littermate
controls. Indeed, inhibition of PI3K leads to significant increase in BAR-associated
phosphatase activity showing that PI3K inhibits PP2A activity with significant implications
in cellular signaling(Sontag, 2001; Virshup and Shenolikar, 2009).

Inhibition of PP2A activity by PI3K is a powerful regulatory mechanism that may have
profound effects on signaling due to stoichiometric differences between kinases and
phosphatases. While there are more than 400 serine/threonine kinases, there are only 13
phospho-protein phosphatase coding genes in the human genome (Virshup and Shenolikar,
2009). Therefore, it becomes critical to understand the molecular mechanism of PP2A
inhibition by PI3K as it may have significant implications in various cellular events. Recent
studies have shown that PKA phosphorylation of PP2A regulatory subunit results in its
activation(Ahn et al., 2007), while Src mediated phosphorylation of the catalytic subunit
results in inhibition of PP2A activity(Chen et al., 1992). Protein kinase mutants of PI3Ky
recapitulates desensitization observed with endogenous PI3Ky thereby, indicating that
protein kinase component of PI3Ky regulates PP2A function. Importantly, our metabolic
labeling studies showed no differential phosphorylation of PP2A catalytic/regulatory
subunits in the presence or absence of active PI3K suggesting alternative mechanisms of
PP2A regulation.

A well known alternative mechanism of PP2A regulation is through endogenous inhibitors
of PP2A, 11 and 12PP2A(Li and Damuni, 1998). It is known that inhibition of PP2A activity
occurs by binding of 11- or I2PP2A(Li and Damuni, 1998). I2PP2A is the dominant isoform
expressed in the cardiac membranes (data not shown). Although a recent study shows the
recruitment of 12PP2A to muscarinic acetylcholine receptor (Simon et al., 2006), its function
at the receptor complex is not well established. We show in our studies that 12PP2A at the
BAR complex regulates receptor resensitization by inhibiting PP2A activity (Fig. 6).
Importantly, very little it known about 12PP2A regulation and it is thought that
phosphorylation of 12PP2A enhances its ability to bind and inhibit PP2A activity (Adachi et
al., 1994). Furthermore, the kinase that catalyzes phosphorylation of 12PP2A is currently
unknown. We show that PI13Ky phosphorylates 12PP2A on serine 9 and 93 residues resulting
in enhanced interaction of 12PP2A with PP2A. These phosphorylation sites are critical as
S9, 93A 12PP2A mutant is unable to bind efficiently to PP2A following agonist stimulation.
Furthermore, stoichiometric analysis shows that PI3K phosphorylates 12PP2A on more than
one site. In addition to previously known phosphorylation on serine 9 of 12PP2A (Adachi et
al., 1994; ten Klooster et al., 2007), we have also identified that phosphorylation on serine
93 is critical for its interaction with PP2A. These two serine phosphorylation sites on
I2PP2A together have significant consequences on BAR phosphorylation and function.
Consistently, 12PP2A depletion by siRNA led to sustained receptor signaling. Our study
identifies I2PP2A as a protein kinase substrate for PI3Ky adding to the limited list of known
substrates (Dhand et al., 1994) (Pirola et al., 2001) (Naga Prasad et al., 2005).
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Agonist activation of receptor results in PI3Ky-mediated PP2A inhibition shifting the
equilibrium towards desensitization and internalization. Our data shows that acidification of
the endosome results in loss of PI3K activity releasing the inhibitory effect on PP2A
accounting for resensitization of receptors. This potentially may be the mechanism utilized
by parathyroid hormone (PTH) receptors in sustaining adenylyl cyclase activity in early
endosomes in response to PTH(Ferrandon et al., 2009). Our studies demonstrate a critical
role for PI3Ky in receptor resensitization that is mediated by regulation of PP2A activity.
P13Ky regulates resensitization of BARs by modulating 12PP2A/PP2A interaction at the
resensitizome (resensitization machinery). We believe this mechanism to be universal as the
key players in this process are recruited to various G-protein coupled receptors(Pullar et al.,
2003; Rockman et al., 2002; Simon et al., 2006). Our study shows that BAR resensitization
is not a cursory response but a well orchestrated dynamic process tightly regulated by
interplay of kinases and phosphatases. Since studies suggest that receptor internalization is
pathological(Lefkowitz and Shenoy, 2005), our findings open up exciting possibilities for
pharmacologic or genetic interventions to improve receptor resensitization by targeting
PI3Ky or I2PP2A . Finally, our study has broad implications on cellular signaling which
warrants further investigation as activation of PI3Ky may result in PP2A inhibition
prolonging downstream signaling.
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MATERIALS AND METHODS

Experimental Animals

C57/BL6 WT and Tg mice of either sex 3-6 months of age were used. Flag-p;AR(Noma et
al., 2007) and PI3Kyjnact(Nienaber et al., 2003) (Gift from Dr. Howard A. Rockman, Duke
University) transgenic mice were bred to generate double Tg mice expressing Flag-B;AR
and P13Kyinact in the heart. ISO (30 mg/kg/day) was infused for 7 days (Casey et al., 2010)
for assessment of cardiac and BAR function.

Echocardiography

Echocardiography was performed on anesthetized vehicle/ISO treated mice using a
Vevo770 (VisualSonics) (Noma et al., 2007) pre- and post-treatment. M-mode views were
recorded including left ventricular systolic and diastolic dimensions.

Cell culture, immunoprecipitation, western immunoblotting and plasmid constructs

Standard procedures for cell culture, western immunoblotting and immunoprecipitations
were followed. In experiments using B1AR agonist dobutamine (Dob), the cells were pre-
treated with BoAR antagonist IC1 118,551 to block endogenousp,ARs. Detailed description
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can be found in supplemental methods. FLAG-3,AR, FLAG-B,AR, FLAG-PIK-P, FLAG-
PIK-L and FLAG-PIK-LP, HA-PI3Ky WT and HA-PI3Kyinact mutants constructs were
described previously(Naga Prasad et al., 2005). Human I2PP2A in pBud Vector (Invitrogen)
was a gift from Dr. Karnik, CCF which was subcloned into various expression vectors
(details in supplemental methods). Quick change lightning site directed mutagenesis kit
(Agilent technologies) was used for generating 12PP2A mutants (details in supplemental
methods).

Isolation of Plasma Membranes and Early Endosomes

Plasma membranes and early endosomes were isolated as previously described(Perrino et
al., 2005). Plasma membranes were prepared by homogenization of samples in lysis buffer
(5mmol/L Tris-HCI pH 7.5, 5 mM EDTA, 1 mM PMSF, and 2 ug/mL Leupeptin and
Aprotinin). Cell debris/nuclei were removed by centrifugation at 1000 g for 5 minutes and
the supernatant was centrifuged at 37, 000 g for 20 minutes. Pellet representing membrane
fraction was resuspended in 75 mM Tris-HCI pH 7.5, 2 mM EDTA, and 12.5 mM MgCl,
while supernatant was centrifuged for 1 hour at 300, 000 g to obtain early endosomes.

BAR density, adenylyl cyclase activity and cAMP assays

BAR density was determined by incubating 25 ug of the membranes with saturating
concentrations of 125 Cyanopindolol or 40 uM Alprenolol (non-specific binding) as
previously described(Naga Prasad et al., 2001). Adenylyl cyclase assays were carried out by
incubating 20 pg of membranes at 37°C for 15 min with isoproterenol or NaF (G-protein
activator) assay mixture containing 20 mM Tris-HCI, 0.8 mM MgCl,, 2 mM EDTA,
0.12mM ATP, 0.05 mM GTP, 0.1 mM cAMP, 2.7 mM phosphoenolpyruvate, 0.05 IU/ml
myokinase, 0.01 1U/ml pyruvate kinase and 32Py ATP and generated cCAMP quantified(Choi
etal., 1997). The cAMP content in the lysates was determined either by Bio track [H]
CAMP (GE Healthcare) kit (Rapacciuolo et al., 2003) or catch point cAMP immunoassay Kit
(Molecular Devices).

Metabolic labeling and receptor phosphorylation

B1AR stable cells transfected with vector or PI3Kyinact Were starved in phosphate-free media
for 2h, treated with 100 uCi/ml of [321Pj for 1h and endocytosis inhibitors (0.45M sucrose
and 2% Cyclodextrin). Following stimulation, anti-Flag, anti-PP2Ac or anti-12PP2A
antibody was used for immunoprecipitation from plasma membranes. Phosphorylation was
visualized following SDS-PAGE and autoradiography. Non-radioactive labeling was
performed as described above except that B,AR stable cells were treated with serum-free
media containing non-radioactive phosphates and phosphorylation assessed by anti-
phospho-Serine antibody immunoblotting (1:750; Chemicon, Pittsburgh, PA).

Confocal Microscopy

FLAG-B,AR cells were transfected with vector or HA-tagged PI3Ky and plated onto
coverslips treated with poly L-Lysine(Naga Prasad et al., 2005). Cells were serum starved
for 2 hours along with endocytosis inhibitors, stimulated, fixed (4% para-formaldehyde) and
incubated in 1% BSA in PBS. Anti-phospho 355/356 B,AR (Tran et al., 2007), 1:200
(Santacruz) or anti-HA (1: 100; Roche) were used as primary antibodies while, goat anti-
rabbit AlexaFlour 488 (1:500; Molecular probes) and anti-mouse AlexaFlour 568 (1: 500;
Molecular probes) were used as secondary. Samples were visualized using sequential line
excitation at 488 and 568 nm for green and red respectively. 70 to 100 positive cells were
analyzed in each experiment and quantitation was performed using IMAGE PRO PLUS7
(Media Cybernetics, Inc).
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Phosphatase assay

Phosphatase activity was measured using the Serine-Threonine phosphatase kit (Upstate
Biotechnology). 25 pg of plasma membrane or immunoprecipitated samples were
resuspended in the phosphate free assay buffer and incubated in presence or absence of
Serine-Threonine specific phospho-peptide substrate for 10 minutes. The reaction mix was
incubated with acidic malachite green solution and absorbance was measured at 630 nm in a
plate reader.

Protein kinase assays

Assays were performed as previously described(Naga Prasad et al., 2005). Cells were
solubilized in Triton X-100 lysis buffer (0.8% Triton X-100, 20 mM Tris-Cl pH 7.4, 300
mM NaCl, 1 mM EDTA, 20% glycerol, 0.1 mM PMSF, 10 ug mI~1 each of Leupeptin, and
Aprotinin). PI3Ky was immunoprecipitated, beads were washed with lysis buffer and re-
suspended in 45 pl reaction buffer (20 mM HEPES, (pH 7.4), 10 mM MgCl,, 10 mM
MnCly, 5 uM ATP, 1 mM DTT, 0.2 mM EDTA containing 10 pCi of [321P-y -ATP with
purified I2PP2A as substrate. The assay was performed at 30°C for 20 min, the reaction was
stopped by gel-loading buffer and phosphorylation was assessed by autoradiography.
Assessment kinetics and stoichiometry of phosphorylation is described in supplementary
methods.

Isolation of adult cardiac myocytes and contractility studies

The mice were anesthetized; the excised heart was immediately cannulated with 20-guage
needle and mounted to perfusion apparatus. The perfusion buffer contained 113 mM NacCl,
4.7 mM KCI, 0.6 mM KH,POy, 0.6 mM NayPOy, 1.2 mM MgSQy,, 0.5 mM MgCl,, 10 mM
HEPES, 20 mM D-glucose, 30 mM taurine and 20 uM Ca?* at pH 7.4. Following perfusion
for 4 minutes, 150 units/ml of type Il collagenase was perfused for 15 minutes. All the
solutions were maintained at 34 °C and continuously bubbled with 95% O, and 5% CO».
Left ventricular tissue was separated from the atria and right ventricle, minced, and digested
in perfusate for 15 min. The digested heart was filtered through 200 um nylon mesh, placed
in a conical tube, and spun at 100 rpm to allow viable myocytes to settle. Serial washes were
used to remove nonviable myocytes and digestive enzymes, and the concentration of Ca2*
was gradually increased to 1.8 mM for myocyte contractility studies. Myocytes were plated
on glass chamber slides and placed on the microscopic stage (Leica) connected to field
stimulator specifically designed for driving isolated myocytes (MyoPace, lonOptix).
Cardiomyocytes were stimulated at 0.5 Hz and imaged with variable field-rate camera
(MyoCam, lonOptix) using edge-detection and sarcomere length technology. Peak
contraction was measured as the % of peak cell shortening. Myocytes were treated with 1SO
or 1ISO and OA for 10 minutes for each of the experiments. Each data point represents
myocytes isolated from different animals with at least 15-20 cells averaged per treatment
and about > 6 contractions included for each myocyte.

SiRNA & Shr-RNA knockdown of 12PP2A

SiRNA duplexes were generated from human I12PP2A cDNA sequence using QIAGEN and
Ambion siRNA designing program. The target 21-mer sequence for sSiRNAs were si(1) RNA
(region 265-272 base pairs (bp) AACCATCCACAAGTGTCTGCA,; si(2)RNA (region
299-306 bp) AAGATGAAGAGGCACTGCATT; si(3)RNA (region 505-512 bp)
AAACGTTCGAGTCAAACGCAG respectively. All star negative control siRNA and
SiIRNA(1,2 and 3) were custom made from QIAGEN. The siRNA duplexes were
resuspended and transfected using Hiperfect (QIAGEN) into B;AR stable cells at 150 nM
concentration. All assays were performed 48 hours post-transfection. The short hairpin RNA
(Shr-12PP2A) sequence corresponding to siRNA1
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(GGATCCCAGTGCAGACACTTGTGGATGGTTGATATCCGCCATCCACAAGTGTCT
GCACTTTTTTTCCAAAAGCTT) was cloned into pRNAT-U6.1/Hygro vector
(GenScript).

GST fusion protein expression and pull-down experiment

Glutathione-S-transferase (GST)-12PP2A fusion protein was generated with pGEX4T1
bacterial expression system in BL21 cells using 0.1 mM IPTG induction. Cells were
pelleted, lysed, and GST-I2PP2A fusion protein was isolated from the supernatant using
Glutathione-Sepharose beads. GST beads were washed and resuspended in PBS. Thrombin
cleaved purified 12PP2A was used as a substrate for in vitro phosphorylation assays.

Statistics
Data are expressed as mean + s.e.m. Statistical comparisons were performed using an
unpaired Student’s t-test and analysis of variance (ANOVA) when appropriate.
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Figure 1.

P13Ky inhibits B1AR resensitization. (a) Representative M-mode echocardiography of
vehicle (VEH) and isoproterenol (1SO,30 mg/kg/day) (Casey et al., 2010)) treated FLAG-
B1AR single and FLAG-B1AR & PI13Kyjnact double transgenic (Tg) mice (n=6). (b) In vitro
ISO-stimulated (black bar) cardiac adenylyl cyclase activity compared to VEH (Basal, white
bars) in wild type (WT), single (FLAG-B1AR or PI13Kyjnact) Or double Tg mice administered
with VEH or ISO chronically for 7 days. *p< 0.001 versus respective vehicle, #P<0.01
versus WT or FLAG-B1AR 1SO-7days (ANova).(n=5-6). (c) cCAMP measurement in cells
with VEH (C, white) or Dobutamine (D, black, 10 pM, 5 min) or challenge (15 min) and
rechallenge with D (5 min) (grey, D+D) following inhibition of PI3K by either wortmannin
(Wort, 100 nM, 30 min) or PI3Kyinact "p< 0.0001, versus C, *p< 0.0001, versus p1AR stable
(D+D) (n=4-5). Lower panel, immunoblotting for FLAG-B1AR and PI3Ky. (d) cAMP
generation in B1AR cells co-expressing dynamin mutant or pre-treated with sucrose. #p<
0.0001, versus VEH (C), *p< 0.0001, versus other D+D samples (n=4-5). (e) Total BAR
density in B1AR cells, pre-treated with sucrose or co-expressing Dynamin mutant or
P13KYinact- VEH (C, White bars) or D (black, 5 min) or challenge (15 min) and re-challenge
with D (5 min) (grey, D+D). *P < 0.001 D+D versus VEH (C) n=6. (See also
Supplementary Figure S1 a-c).
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Figure 2.
P13Ky inhibits BAR dephosphorylation, (a) B1AR cells expressing vector or PI3Kyinact Were

metabolically labeled with [32pi, treated with endocytic inhibitors (2% B-cyclodextrin-0.45
M sucrose) followed by 1SO, (n=4-5), *p< 0.001 versus other time points. (b) B,AR cells
expressing vector or PI3Kyinact Were labeled with non-radioactive phosphates, treated with
endocytic inhibitors followed by 1SO. B,AR were immunoprecipitated and immunoblotted
with phospho-355/356-8,AR antibody (upper panel) and re-blotted with anti-FLAG
antibody (middle panel). Summary data (lower panel, n=4-5). *p< 0.001 versus all
samples. # p< 0.001 versus stimulated vector. (c) Confocal images of Flag-p,AR cells co-
expressing vector or HA-PI3Kyinact, Pre-treated with endocytic inhibitors followed by 1SO
depicting B2AR phosphorylation (green) and PI13Kyinact (red). Scale, 10 pm.
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Figure 3.

P13Ky inhibits B1AR resensitization through PP2A, (a) CAMP generation in cells pre-treated
with PP2A inhibitors okadaic acid (OA, 5 nM, 30 min) or Fostriecin (Fost, 1 uM, 15

min), #p< 0.0001, versus VEH (C), *p< 0.0001, versus other D+D samples (n=3-5). (b)
Representative tracings of isolated myocytes upon 1SO from PI13Kyjnact Tg mice treated with
VEH or ISO for 7 days, or ISO+OA (okadaic acid) following 7 days of 1SO treatment in
P13Kyinact Tg mice. (c) Cell shortening measurements upon 1SO or ISO+OA in myocytes
from WT and P13Kyjnact mice treated with VEH or 1SO for 7 days. *p<0.01 versus 1SO-
administered WT myocytes treated with 1SO; #p<0.01 versus respective okadaic treated
samples (n=3-4, 15-20 cells/experiment). (d) Plasma membrane p;AR-associated serine-
threonine phosphatase activity in VEH or Wort (100 nM, 30 min) treated cells (n=5) **p<
0.001 or *p<0.0001, versus VEH. (e) Cardiac plasma membrane p;AR-associated Serine-
Threonine phosphatase activity in PI3Kyjnsct Tg following Dob bolus (1mg/kg) (n=6), *p<
0.001 or **p< 0.001 versus VEH. (f) cAMP generation in ;AR cells co-expressing P13Ky
mutants (n=3-4), #p< 0.0001, versus C, *p< 0.0001, versus other D+D samples. Lower panel
shows B1AR, PI3K mutants and P13Kyjnact immunaoblotting. (See also Supplementary Figure
S3a&h).
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Figure 4.

P13KYy inhibits PP2A by phosphorylating I2PP2A, (a & b) Phosphorylation of plasma
membrane PP2A (a) or I2PP2A (b) in [321Pi metabolically labeled, ISO-stimulated $1AR
cells co-expressing vector or PI3Kyinact (N=4). Lower panels; PP2Ac and I12PP2A
immunoblotting. (c) In vitro phosphorylation assay using immunoprecipitated PI3Ky from
WT PI3Ky and PI3Kyinact €Xpressing cells (Tx, Transfected) as well as Wort (100 nM for 30
min) treated cells using purified 1I2PP2A as substrate. Input I2PP2A stained by Coomassie,
P13Ky immunoblotted. (d) In vitro phosphorylation assay performed using purified PI3Ky (8
pmols) or P13Kyinact (8 pmols) and purified 12PP2A (300 pmols) as substrate for 20 min.
Input 1I2PP2A stained by Coomassie and PI3Ky immunoblotted. (e) Plasma membrane
I2PP2A immunoprecipitates blotted for co-immunoprecipitating PP2Ac following 1SO from
VEH, Wort treated or PI3Kyjnact expressing B1AR cells. (f) Plasma membrane 12PP2A
immunoprecipitates blotted for co-immunoprecipitating PP2Ac following VEH (—) or Dob
(+) (Img/kg) treatment in PI3Kyinact TQ Or littermate controls. Lower panel; 1I2PP2A
immunoblotting. (See also Supplementary Figure S4 a-e).
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Figure. 5.
I2PP2A phosphorylation on Serine 9 and 93 by PI3Ky is critical for its interaction with

PP2A. (a) In vitro phosphorylation using purified PI13Ky and purified 12PP2A WT or
mutants as substrates. Input I2PP2A stained by Coomassie and PI13Ky immunoblotted. (b)
Plasma membrane 12PP2A immunoprecipitates blotted for co-immunoprecipitating PP2Ac
(Upper panel) following ISO from cells transfected with either I2PP2A WT or I12PP2A
mutants (S9, 93A or S9, 93D). Immunoprecipitations were confirmed blotting for 12PP2A.
(c) Fluorescence quantitation of the confocal images depicting fluorescent intensity/cell/
um?2, (n=70-100 cells/ experiment). d) Confocal microscopy showing phospho-B,AR (green)
(panels 1-8), anti-Myc 12PP2A WT (red) (panels 11 & 12) or 12PP2A mutants (red) (panels
13-16) and nuclei (DAPI) (17-24) staining in presence and absence of 1SO. Overlay is
shown in panels 25-32. (See also Supplementary Figure S5 a-5e and S7a). Scale, 10 um.
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Figure 6.
Depletion 12PP2A results in BAR resensitization. (a) Knock-down of 12PP2A by 3 different

SiRNAs. (b) Plasma membrane Serine-Threonine phosphatase activity in B1AR cells co-
expressing control (Con) or 12PP2A siRNAL1 following Dob (black bars) (n=3). *p< 0.001,
versus 0 min, #p<0.001, versus Con siRNA. (c) Basal (White) and in vitro Dob-stimulated
(black, 5 min) adenylyl cyclase activity in Con or 12PP2A siRNA1 expressing B1AR cells
following pre-treatment with Dob (0-20 min, n=4). *p< 0.001 versus VEH, #p<0.001 versus
10 and 20 min Dob-challenged control siRNA. (d) cAMP generation in ;AR cells co-
expressing control or 12PP2A siRNA1 following Dob (n=3). *p< 0.001, versus VEH in
I2PP2A siRNA1cells, #p<0.001, versus Dob treated controls (10 and 20 min). (¢) Confocal
microscopy showing phospho-p,AR (red), short hairpin RNA (Shr-12PP2A) (green) and
nuclei (DAPI) upon ISO treatment. (See also Supplementary Figure S6 a-b & S7b). Scale,
10 pm

Mol Cell. Author manuscript; available in PMC 2012 March 18.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Vasudevan et al.

A
IP: FLAG-B4AR (early endosomes)
Assay: FLAG-B1AR-associated phosphatase activity

60

activity over control

% change in phosphatase

amwaa
88338888

5 10 20 40 5 10 20 40 5 10 20 40 min (ISO)
VEH i i i in + Wor i

Page 20
B
IP: FLAG-B1AR (early endosomes)
IB: FLAG (early endosomes)
VEH . . . .
0 5 10 20 40 0 5 10 20 40 0 5 10 20 40 min (ISO)
e ———— [ == — ] FLAG-$4AR
e e e LA L] 196
FLAG-34AR i proteins (early
1B: PP2Ac
[~ ] [ o e o | [ — — = — =] PP2AC
1B: I2PP2A
1B: PI3Ky

[m—=— ]| - ———==|[ ————=|<riks

C IP: FLAG-B4AR (early endosomes)
Assay: PI3K activity in early endosomes

ool i

0 5 10 20 40 0 5 10 20 40 0 5 10 20 40 min (1S0)

VEH in+ Wor
- * 1 8
3‘55 10 # ¥
8% s # # 6
o5
gs. ; .
of 4.
zg? 2 ?
<
w o o 0
0 5 10 20 40 0 510 20 40 0 5 10 20 40 min (1SO)
VEH i i ycin + Wor

Figure. 7.

D Active PI3Ky at the receptor complex

g Desansitgaton &
lesensitization
’ D Internalization

g Phos?ho lation
of I2PP2A

Phospho-I2PP2A
binds and inhibits
PP2A

Inactive PI3Ky at the receptor complex

Dephosphorylation
by PP2A & receptor
/ Resensitization
’ @ < \ Blocked
Internalization

B e
inhibition of PNO$PhoNylation
PP2A °

Regulation of phosphatase activity by PI3K in early endosomes. (a) f1AR-associated Serine-
Threonine phosphatase activity (% change over un-stimulated), (n=6-8). (b) co-
immunoprecipitated PP2Ac, 12PP2A and PI3Ky following immunoprecipitation of FLAG-
B1AR. (c)B1AR-associated PI3K activity from early endosomes after ISO in control,
Bafilomycin or Bafilomycin and Wort pre-treated B1AR cells., (n=6-8), *p< 0.00001 versus
other time points, #p<0.00001 versus 0 time point. (d) Illustration depicting PI3Ky
regulation of BPAR-associated PP2A by I2PP2A leading to receptor desensitization/

resensitization.
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