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ABSTRACT Classically Class IB phosphoinositide 3-kinase (PI3Ky) plays a role in extracellular
signal-regulated kinase (ERK) activation following G-protein coupled receptor (GPCR) activa-
tion. Knock-down of PI3Ky unexpectedly resulted in loss of ERK activation to receptor tyro-
sine kinase agonists such as epidermal growth factor or insulin. Mouse embryonic fibroblasts
(MEFs) or primary adult cardiac fibroblasts isolated from PI3Ky knock-out mice (PI3KyKO)
showed decreased insulin-stimulated ERK activation. However, expression of kinase-dead
PI3Ky resulted in rescue of insulin-stimulated ERK activation. Mechanistically, PI3Ky seques-
ters protein phosphatase 2A (PP2A), disrupting ERK-PP2A interaction, as evidenced by in-
creased ERK-PP2A interaction and associated PP2A activity in PI3KYKO MEFs, resulting in
decreased ERK activation. Furthermore, B-blocker carvedilol-mediated B-arrestin-dependent
ERK activation is significantly reduced in PI3KyKO MEF, suggesting accelerated dephosphor-
ylation. Thus, instead of classically mediating the kinase arm, PI3Ky inhibits PP2A by scaffold-
ing and sequestering, playing a key parallel synergistic step in sustaining the function of ERK,
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a nodal enzyme in multiple cellular processes.

INTRODUCTION

Activation of the mitogen-activated protein kinase (MAPK) cascade
plays a key role in transducing various extracellular signals following
activation of either G-protein coupled receptors (GPCRs, such as -
adrenergic receptor (BAR)) or receptor tyrosine kinases (RTKs, such
as epidermal growth factor (EGF) receptor (EGFR) or insulin growth
factor receptor (IGFR) (Boulton et al., 1990, 1991; Cobb et al., 1991;
Rozengurt, 2007; Chakraborty et al., 2014). The MAPK cascade Ras-
Raf-MEK-ERK pathway is at the heart of signaling networks that
govern cellular proliferation, cellular differentiation, and cell survival
(Kolch, 2000). Phosphorylation of extracellular signal-regulated
kinase (ERK) mediated by specific upstream protein kinases is the
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most common mechanism of ERK activation (Pearson et al., 2001).
Activated ERK can either be translocated to the nucleus to initiate
transcriptional responses or phosphorylate proteins in the cytosol to
mediate anti-apoptotic or survival pathways (Pearson et al., 2001;
Yang et al., 2013). The kinase cascade culminating in phosphoryla-
tion and activation of ERK by MAPK kinase (MEK) is well established
and studied in depth (Pearson et al., 2001). However, less is under-
stood about dephosphorylation of ERK to terminate its activation
and restore its baseline inactive state. Dephosphorylation of ERK
by protein phosphatases is a fundamental regulatory mechanism
checking the activity of signal transduction but is generally consid-
ered to be a passive process. Therefore it is not known whether
acute regulation of protein phosphatases could alter the state of
ERK phosphorylation independent of the upstream kinase cascade
regulating ERK function.

Protein phosphatase 2A (PP2A; Sontag, 2001) is an important
negative regulator of ERK (Chen et al., 2001; Johnson and Lapadat,
2002; Ugi et al., 2002) and accounts for the majority of the serine/
threonine protein phosphatase activity in most cells. In addition to
PP2A-mediated dephosphorylation, ERK dephosphorylation can
occur in a spatiotemporal manner; for example, dual-specificity
phosphatase (DUSP) dephosphorylates and anchors ERK in the
nucleus (Caunt et al., 2008). Additionally, ERK can be dephosphory-
lated in a cell-specific manner, as observed in the basal ganglionic
nuclei of the brain striatum, wherein striatal enriched phosphatase

Molecular Biology of the Cell



(STEP) can dephosphorylate ERK (Shiflett and Balleine, 2011). How-
ever, PP2A is a major phosphatase expressed in all cell types and is
traditionally considered to mediate dephosphorylation of phospho-
proteins to maintain homeostasis in a passive manner. In contrast to
the idea that PP2A action is passive, increasing evidence from
multiple studies show that PP2A function is tightly controlled by its
subunit composition (Silverstein et al., 2002), by posttranslational
modifications and targeted recruitment to specific substrates
(Virshup, 2000; Janssens and Goris, 2001; Sontag, 2001; Silverstein
et al., 2002). Even though it has been demonstrated that ERK is
dephosphorylated by PP2A (Letourneux et al., 2006), the regulation
of ERK-associated PP2A activity and/or its upstream regulators are
unknown. In this regard, we have recently shown that phosphoinosit-
ide 3-kinase y (PI3Ky), in addition to classically activating Akt-glyco-
gen synthase kinase (GSK3), could regulate the strength of the
downstream signal by inhibiting PP2A activity (Vasudevan et al.,
2011; Mohan et al., 2013).

PI3Ky belongs to the Class IB family of lipid kinases, which are
activated by stimulation of GPCRs (Stoyanov et al., 1995; Vanhaese-
broeck et al., 2010). Traditionally, the lipid kinase activity of PI3Ky
activates Akt, which mediates important cellular functions (Foster
et al., 2003; Ruckle et al., 2006; Rommel et al., 2007). In addition,
PI3Ky exhibits protein kinase activity (Dhand et al., 1994) that regu-
lates PI3Ky autophosphorylation (Stoyanova et al., 1997; Czupalla
et al., 2003) and BAR function (Naga Prasad et al., 2005; Vasudevan
etal., 2011). More recently, studies from our group and others have
identified kinase-independent functions of PI3Ky where PI3Ky serves
as a scaffold to regulate signaling pathways (Patrucco et al., 2004;
Damilano et al., 2010; Mohan et al., 2013). The scaffolding function
of PI3Ky in regulation of signaling pathways attains prominence
given that expression of the PI3Ky isoform is low in many organ
systems (Vanhaesebroeck et al., 2010; Martini et al., 2014; Ghigo
and Li, 2015) and is up-regulated in cardiac pathologies (Fougerat
et al., 2008; Perino et al., 2011) and cancer (Edling et al., 2010; Xie
et al., 2013). Although it is known that PI3Ky regulates ERK activa-
tion following GPCR stimulation through its protein kinase activity
(Bondeva et al., 1998), the underlying mechanisms are not under-
stood very well. Given that PI3Ky is known to regulate PP2A, we
assessed whether regulation of PP2A by PI3Ky could alter the level
and strength of ERK activation following GPCR or receptor tyrosine
kinase activation. Here we show that PI3Ky promoted and sustained
ERK phosphorylation by inhibiting PP2A activity downstream of the
insulin-mediated signaling pathway. Furthermore, PI3Ky suppressed
PP2A activity by decreasing the recruitment of PP2A catalytic
subunits to the ERK complex through a kinase-independent mecha-
nism. These studies put forward the important concept that inhibi-
tion of PP2A during a MAPK cascade following activation of
receptors could be as critical to cellular signal transduction as phos-
phorylation mediated by kinases.

RESULTS

PI3Ky regulates ERK activation following G-protein coupled
receptor or growth factor receptor agonist

PI3Ks are known to be integral in activation of the Ras-Raf-MEK
pathway (Vanhaesebroeck et al., 2010), and previous studies have
shown that activation of GPCRs such as muscarinic receptors or
lysophosphatidic acid receptors leads to ERK activation via PI3Ky
(Lopez-llasaca et al., 1997; Bondeva et al., 1998; Takeda et al.,
1999). To test whether PI3Ky plays a role in ERK activation following
stimulation of beta-adrenergic receptor (BAR, a key regulator of car-
diac function), HEK 293 cells were stimulated with the BAR agonist
isoproterenol (Iso) in the presence or absence of the PI3K inhibitor
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wortmannin (Wort). Following Iso stimulation, ERK activation was
assessed by phospho-ERK (p-ERK) immunoblotting. Consistent with
previous studies (Zhang and Steinberg, 2013; Copik et al., 2015), Iso
stimulation resulted in a significant increase in ERK activation. How-
ever, pretreatment of cells with Wort resulted in a significant loss of
ERK activation (Figure 1A, top panel, bottom panel summary data,
n = 5). Total ERK1/2 was used as loading control. To directly test
whether PI3Ky plays a role in Iso-mediated ERK activation, HEK 293
cells with stable knockdown of PI3Ka: (P13Ka. KD) or PI3Ky (PI3Ky KD)
were generated using short hairpin RNA (shRNA). The efficiency of
KD was checked by immunoblotting for PI3Ka or PI3Ky (Figure 1B),
showing that these shRNA were specific for reducing the expression
of PI3Kat or y. Actin immunoblotting was used as loading control. To
arrive at the shRNA constructs that specifically depleted either
PI3Kat or v, an initial screen of three independent small interfering
RNAs (siRNAs) was used to reduce the expression of PI3Ka or v, re-
spectively. The siRNA that mediated most significant knockdown of
PI3Ko or y was used for generating shRNA constructs targeting ei-
ther PI3Ko. or y (for details see Materials and Methods).

PI3Ko. or y KD cells or control vector cells were stimulated with
Iso, and ERK activation was assessed. Iso-mediated ERK phosphory-
lation was significantly reduced in PI3Ky KD cells in comparison with
either vector or PI3Ko. KD cells (Figure 1C, top panel, bottom panel
summary data, n = 4), showing that PI3Ky plays a key role in regula-
tion of GPCR-mediated ERK activation. Even though baseline ERK
phosphorylation was significantly reduced in both PI3Ke. and PI3Ky
KD cells, we made comparisons of ERK phosphorylation only after
stimulation in all the experiments. Because PI3Ky regulates ERK
phosphorylation after activation of GPCR, we tested whether KD of
PI3Ky alters ERK activation following stimulation with epidermal
growth factor (EGF) or 10% fetal bovine serum (FBS, which contains
many growth factor components). Consistent with the role of PI3Ka.
in EGF receptor (EGFR) signaling, there was a significant decrease in
ERK activation after EGFR activation in PI3Ka, KD cells (Figure 1D,
top panel, bottom panel summary data, n = 4). Surprisingly, there
was also a significant decrease in ERK activation after EGFR stimula-
tion in PI3Ky KD cells (Figure 1D, top panel, bottom panel summary
data, n = 4). Interestingly, KD of PI3Ky resulted in significant de-
crease in ERK activation following FBS treatment of serum-starved
cells, while absence of PI3Ka. did not alter ERK response (Figure 1D,
top panel, bottom panel summary data, n = 4). These results indi-
cate that PI3Ky plays a key role in ERK activation downstream of
growth factor receptor stimulation. These observations reveal the
presence of a hitherto unknown role for PI3Ky in ERK phosphoryla-
tion following growth factor-mediated receptor tyrosine kinase
activation.

To further dissect the underlying mechanisms of ERK activation,
we isolated primary mouse embryonic fibroblasts (MEFs) from PI3Ky
knockout (KO) mice and wild-type (WT) mice. The primary aim of
isolating and using MEFs in our study was to develop a cleaner
cellular system to determine pathways underlying this unexpected
observation. As a first step in validating the role of PI3Ky in ERK
activation following GPCR stimulation, WT and KO MEFs were
serum-starved and stimulated with Iso. Robust ERK activation was
observed in WT MEFs, which was significantly reduced in KO MEFs
(Figure 1E, left panel, middle panel cumulative data, n = 3), confirm-
ing the key role of PI3Ky in GPCR-mediated ERK signaling. Total
ERK 1/2 was used as loading control, and expression of PI3Ky in the
WT MEFs was confirmed by PI3Ky immunoblotting (Figure 1E, right
panel).

To determine whether PI3Ky plays a role in growth factor—medi-
ated ERK phosphorylation, MEFs were stimulated with insulin (Ins)
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FIGURE 1: PI3K regulates ERK phosphorylation. (A) HEK293 cells were serum-starved for 4 h,
treated with vehicle (Veh) or the PI3K inhibitor wortmannin (Wort-100 nM), and stimulated with
100 pM lso for 10 min. The cells were lysed with NP-40 lysis buffer; 50 ug of cell lysates was
subjected to SDS-PAGE and immunoblotted with anti-phospho-ERK (0-pERK) antibody. The
blots were stripped and immunoblotted with 0-ERK antibody as loading control. Cumulative
data are presented as bar graphs (n=5). *p < 0.01, Veh-Iso vs. Wort-Iso. (B) HEK293 cells with
stable knockdown of PI3Ko and PI3Ky were lysed and immunoblotted for o-PI3Ka: antibody. The
blots were stripped and immunoblotted with o-PI3Ky antibody followed by o-B-actin antibody.
(C) HEK293 cells with stable knockdown of PI3Ko and PI3Ky were serum-starved and stimulated
with Iso (100 pM) for 10 min. The cells were lysed and immunoblotted with o-pERK antibody.
The blots were stripped and immunoblotted with a-ERK antibody as loading control. Bar graphs
represent amalgamated data (n = 4). *p < 0.001, shVec-Iso/shPI3Ka vs. shPI3Ky-Iso. #p < 0.05,
shVec-Ctrl vs. shPI3Ka/shPI3Ky-Ctrl. (D) HEK293 cells with stable knockdown of PI3Ka and PI3Ky
were serum-starved and stimulated with EGF (10 ng/ml) or 10% FBS for 10 min. The cells were
lysed and immunoblotted as above. Densitometric data are presented as bar graphs (n = 4).

*p <0.01, shVec-EGF vs. shPI3Ky-EGF. #p < 0.05, shPI3Ko-EGF vs. shPI3Ky-EGF. #p < 0.001,
shVec-FBS/shPI3Ka-FBS vs. shPI3Ky-FBS. (E) Embryonic fibroblasts isolated from wild-type mice
(WT MEF) and PI3Ky KO mice (KO MEF) were serum-starved and stimulated with Iso (100 uM)
for 10 min. The cells were lysed, and 50 pg of cell lysates was subjected to SDS-PAGE (left
panel) and immunoblotted with o-pERK antibody. The blots were stripped and immunoblotted
with 0-ERK antibody as loading control. Amalgamated densitometric data are presented as bar
graphs (n=3). *p <0.001, WT MEF-Iso vs. KO MEF-Iso. A sample of 150 pg of cell lysates was
subjected to SDS-PAGE (right panel) and immunoblotted with o-PI3Ky antibody to show
knockout of the gene. The blots were stripped and reblotted with a-B-actin antibody.

over a time course of 0-60 min and ERK activation was assessed.
Significant ERK phosphorylation was observed following Ins stimula-
tion in the WT MEFs for 5 min, which was slowly reduced over a
period of 60 min (Figure 2A, left panel, right panel summary data,
n = 4). In contrast, ERK phosphorylation was significantly blunted
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and followed by rapid dephosphorylation in
KO MEFs over a period of 10 min (Figure
2A, left panel, right panel summary data,
n = 4). Total ERK 1/2 was used as control.
This observation shows that PI3Ky plays a
critical role in ERK activation following stim-
ulation with growth factors such as Ins. To
further confirm these findings, WT and KO
MEFs were stimulated with Ins for 10 min
and assessed for ERK activation by immu-
nostaining for p-ERK using confocal micros-
copy. Loss of basal ERK phosphorylation
was evident in KO MEFs (Figure 2B, panels
7 and 9) in comparison with WT MEFs
(Figure 2B, panels 1 and 3). Consistently,
WT MEFs showed robust ERK phosphoryla-
tion (Figure 2B, panels 4 and 6) following Ins
stimulation. In contrast, KO MEFs showed
significant loss of ERK phosphorylation de-
spite Ins stimulation (Figure 2B, panels 10
and 12). The nucleus was stained using 4,
6-diamino-2-phenylindole, dihydrochloride
(DAPI) (Figure 2B, panels 2, 3, 5, 6,8, 9, 11,
and 12). The quantification of fluorescence
intensity is presented in Figure 2B (bottom
panel). These results show that PI3Ky is a
prerequisite for eliciting ERK activation fol-
lowing Ins stimulation, suggesting an unex-
pected role for PI3Ky in insulin receptor-me-
diated ERK activation/signaling.

PI3Ky regulates ERK phosphorylation
in a kinase-independent manner
Although the kinase arm of PI3Ky is classi-
cally considered to play a role in ERK activa-
tion, increasing evidence has identified key
roles for a kinase-independent function of
PI3Ky in regulating downstream signaling
(Damilano et al., 2010; Mohan et al., 2013;
Schmidt et al., 2013; Frister et al., 2014).
Given that KO MEFs do not express PI3Ky,
we tested whether Ins-mediated regulation
of ERK phosphorylation is kinase-depen-
dent or -independent. KO MEFs were trans-
fected with WT and inactive PI3Ky (PI3KYinact
— PI3Ky with a deletion in the ATP binding
site as a result of which the expressed pro-
tein lacks both lipid and protein kinase
activities, A PI3Ky) and stimulated with Ins to
assess ERK phosphorylation. Overexpres-
sion of WT PI3Ky in KO MEFs restored ERK
activation in response to Ins (Figure 3, top
panel, bottom panel summary data, n = 4).
Intriguingly, overexpression of PI3Kyiact in
the KO MEFs also restored ERK activation in
KO MEFs similar to WT expression (Figure 3,
top panel, bottom panel summary data,

n = 4), indicating a critical role for a kinase-independent function of
PI3Ky in regulating ERK. To further test whether Ins-mediated ERK
activation is regulated by a kinase-independent function of PI3Ky,
confocal microscopy was performed. KO MEFs were transfected
with hemagglutinin (HA)-tagged WT PI3Ky or PI3KYyiaet, and the

Molecular Biology of the Cell



MEFs treated with Insulin
10 20 30

WT KO WT KOWT KO WT KO WT KO WT KO g
*%
et S PERK1/2 & 30 3 .
o
- - —
LELOLELEOLEOEE

Ctrl Average fluorescence intensity per cell  Ins (10 min)
212 *
5
> 8
4
2o — —
< WT__ KO WT __KO
Ctrl Ins

PI3Ky modulates ERK phosphorylation. (A) WT MEFs and KO MEFs were serum-
starved and stimulated with Ins (3 pg/ml) for 5-60 min. The cells were lysed, and 15 pg of cell
lysates was subjected to SDS-PAGE and immunoblotted as above. *p < 0.01, WT MEF-Ins vs.
KO MEF-Ins for 5 min. Densitometry of Western blots is presented as bar graphs (n = 4).

**p < 0.001, WT MEF-Ins vs. KO MEF-Ins for 10-60 min. (B) WT MEFs and KO MEFs were plated
on poly-L-lysine—coated coverslips, serum-starved, stimulated with Ins (3 pg/ml) for 10 min,

and fixed with 4% paraformaldehyde for 30 min. The cells were immunostained using o-pERK
antibody and mounted using ProLong Gold Mountant with DAPI. The ERK phosphorylation was
assessed using confocal microscopy. The ERK phosphorylation is depicted by green fluorescence
(bar = 10 um). Fluorescence intensity per cell is presented as a bar graph (n = 3). Thirty cells per
experiment were used to measure the fluorescence intensity, and values were adjusted to a

in KO MEFs at baseline in comparison with
WT MEFs (Figure 5A, n = 3). However, the
levels of ERK-associated phosphatase activ-
ity post-Ins were similar and comparable
between KO MEFs and WT MEFs (Figure
5A, n = 3). Interestingly, ERK-associated
phosphatase activity post-Ins in WT MEFs
was significantly decreased in comparison
with that in untreated controls (Figure 5A, n=
3). In contrast to WT MEFs, there was a sig-
nificant increase in ERK-associated phospha-
tase activity in KO MEFs following Ins stimu-
lation in comparison with its baseline (Figure
5A, n = 3). Because we observed opposing
changes in ERK-associated phosphatase ac-
tivity in WT and KO MEFs following Ins stim-
ulation, a comparison of fold over untreated
is presented in Supplemental Figure 1A.
Also, the specificity of the ERK antibody
used for pull-down assay was tested using
anti-rabbit immunoglobulin G (IgG) as con-
trol and blotting for ERK and coimmunopre-
cipitating PP2Ac (Supplemental Figure 2).
Because we observed an increase in
phosphatase activity associated with ERK in
KO MEFs following Ins stimulation, we tested
whether ERK phosphorylation could be re-
covered in KO MEFs after Ins-stimulation by
inhibiting PP2A with a PP2A-specific inhibi-
tor, Fostreicin (Fos). WT and KO MEFs were
stimulated with Ins following pretreatment
with Fos. Consistently, Fos pretreatment sig-
nificantly increased the level of ERK phos-
phorylation in the Ins-stimulated WT MEFs
compared with vehicle (Veh)-treated Ins-stim-

scale of 10 for graphical presentation. *Significantly higher fluorescence intensity (p < 0.01).

cells were stimulated with Ins for 10 min. ERK phosphorylation was
visualized by green fluorescence (Figure 4, panels 1, 4, 5, 8, 9, 12,
13, and 16), while expression of WT PI3Ky (Figure 4, panels 2 and
10) or PI3KYinact (Figure 4, panels 6 and 14) was assessed by red fluo-
rescence using anti-HA antibody. Nuclear staining was performed
with DAPI. Expression of either HA-WT PI3Ky or HA-PI3Ky;n,ct in KO
MEFs resulted in restoration of Ins-mediated ERK phosphorylation
(Figure 4, panels 9, 12, 13, and 16) in contrast to the loss in Ins-me-
diated ERK phosphorylation in KO MEFs (Figure 2B, panels 10 and
12). A comparison of green fluorescence intensity quantification for
cells without and with HA expression is presented (right column).
These observations show that the kinase-independent function of
PI3Kymay play a critical role in ERK activation/sustaining ERK activa-
tion following stimulation with Ins.

PI3Ky inhibits PP2A in regulation of ERK signaling

We have previously reported that PI3Ky inhibits protein phospha-
tase 2A (PP2A) activity (Vasudevan et al., 2011; Mohan et al., 2013),
and as ERK dephosphorylation is, in part, mediated by PP2A (Silver-
stein et al., 2002; Ugi et al., 2002; Letourneux et al., 2006), we tested
whether ERK-associated phosphatase activity is altered in the ab-
sence of PI3Ky in the KO MEFs. ERK was immunoprecipitated from
lysates of control and Ins-stimulated MEFs, and the immunoprecipi-
tates were subjected to protein phosphatase assay. ERK-associated
phosphatase activity (pmol phosphate/min) was significantly lower
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ulated WT MEFs (Figure 5B). Importantly,
there was complete recovery of ERK phos-
phorylation in Ins-stimulated KO MEFs pretreated with Fos, in con-
trast to Veh-treated KO MEFs (Figure 5B). Total ERK was used as con-
trol, and summary data (n = 4) are presented in the bottom panel
(Figure 5B). These observations show that in the absence of PI3Ky,
there is a significant increase in ERK-associated PP2A activity in the
KO MEFs, which indeed determines the strength and sustainability of
ERK activation following Ins stimulation.

As our data in Figure 3 show that PI3Ky can restore ERK phos-
phorylation following Ins stimulation in KO MEFs in a kinase-indepen-
dent manner, we tested whether PI3Ky kinase-independent function
alters ERK-associated phosphatase activity. KO MEFs were trans-
fected with vector control (Vec), WT PI3Ky, or PI3KY,4ct, and ERK was
immunoprecipitated following Ins stimulation to measure ERK-asso-
ciated phosphatase activity. Consistent with our observation in Figure
5A, Ins stimulation in Vec-transfected WT MEFs showed a significant
loss of ERK-associated phosphatase activity, while a significant in-
crease in ERK-associated phosphatase activity was observed in Vec-
transfected KO MEFs (Figure 5C, n= 3). Critically, expression of either
WT PI3Ky or PI3KYinact in KO MEFs significantly reduced ERK-associ-
ated phosphatase activity (Figure 5C, n = 3), indicating inhibition of
ERK-associated phosphatase by PI3Ky through kinase-independent
mechanisms. A comparison of fold over untreated is presented in
Supplemental Figure 1B. To determine whether the scaffolding func-
tion of PI3Ky underlies the kinase-independent regulation of ERK
activation, WT and KO MEFs were stimulated with Ins. Following Ins
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FIGURE 3: PI3Ky regulates ERK phosphorylation in a kinase-
independent mechanism. WT MEFs, KO MEFs, and KO MEFs
overexpressing WT and PI3Ky;,,ct (A PI3Ky) were serum-starved and
stimulated with Ins for 10 min. The cells were lysed, and 15 pg of cell
lysates was subjected to SDS-PAGE and immunoblotted for pERK,
ERK, and PI3Ky (because only 15 pg of cell lysates was used, PI3Ky is
not detected by Western blotting). Densitometric analysis and
cumulative data are presented as bar graphs (n=4). *p <0.001, WT
MEF-Ins vs. KO MEF-Ins. #p < 0.001, KO MEF transfected with WT
PI3Ky-Ins/KO MEF transfected with PI3Kyi,aci-Ins vs. KO MEF-Ins.

stimulation, ERK was immunoprecipitated and immunoblotted for
coimmunoprecipitating PP2A. Even though baseline interaction of
PP2A with ERK was not altered in KO MEFs in comparison with WT
MEFs, there was a marked decrease in PP2A interaction with ERK in
WT MEFs following Ins stimulation (Figure 5D, right panel, summary
data, n = 3). Interestingly, there was a significant increase in PP2A in-
teraction with ERK following Ins stimulation in KO MEFs (Figure 5D,
right panel, summary data, n=3).

To further confirm the kinase-independent function of PI3Ky in
regulation of ERK-PP2A interaction, KO MEFs were transfected with
inactive PI3Ky (A PI3Ky) and serum-starved before stimulation with
Ins. ERK was immunoprecipitated and blotted for coimmunoprecipi-
tating PP2A. There was a significant decrease in ERK-PP2A interac-
tion with the overexpression of inactive PI3Ky (A PI3Ky) (Figure 6A,
right panel, summary data, n = 3), even at baseline. Importantly, Ins
stimulation resulted in a significant increase in interaction between
ERK and PP2A in the control vector-transfected KO MEFs (Figure
6A, n = 3). Interestingly, overexpression of A PI3Ky prevented re-
cruitment of PP2A to ERK following Ins treatment (Figure 6A, right
panel, summary data, n = 3). To test whether PI3Ky sequesters PP2A
during insulin-mediated signaling, WT MEFs were treated with Ins
and PI3Ky was immunoprecipitated and blotted for coimmunopre-
cipitating PP2A. Following Ins stimulation, there was a significant
increase in interaction between PP2A and PI3Ky (Figure 6B, right
panel, summary data, n = 3), suggesting that PI3Ky is involved in
sequestration of PP2A. Together these data show that PI3Ky regu-
lates ERK activation post-Ins stimulation by the kinase-independent
scaffolding function, during which expression of PI3Ky may seques-
ter PP2A from ERK, leading to sustained phosphorylation of ERK.
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PI3Ky regulates ERK signaling in primary adult mouse
cardiac fibroblasts

We have previously shown that ERK activation in response to Ins
in total heart lysates from WT and PI3Ky knockout mice is similar
(Mohan et al., 2013), suggesting that kinase-independent regula-
tion of ERK activation by PI3Ky may be a cell-specific response.
Because cardiomyocytes make up the major share of cells in a
normal heart, we tested whether the kinase-independent mecha-
nism of PI3Ky regulates ERK activation in isolated primary adult
cardiac fibroblasts. To test whether PI3Ky-mediated ERK signaling
is preserved in adult fibroblasts, adult cardiac fibroblasts (CF)
were isolated from the hearts of 3-mo-old WT and PI3Ky KO mice.
Adult CFs were stimulated with Ins and ERK activation was mea-
sured. In contrast to WT CFs, CFs from PI3Ky KO mice showed
minimal ERK activation in response to Ins (Figure 7A, n = 3; sum-
mary data from three independent hearts excised from WT and
PI3Ky KO mice). These data show that ERK signaling in adult CFs
could be regulated in part by a kinase-independent mechanism of
PI3Ky in the adult heart. The expression of PI3Ky in CFs was con-
firmed by immunoblotting and is presented in Supplemental
Figure 3.

B-Arrestin—biased agonist-mediated ERK activation is
regulated by PI3Ky expression

It is known that the BAR blocker (B-blocker) carvedilol mediates G-
protein-independent B-arrestin—dependent ERK signaling (Wisler
et al.,, 2007; Kim et al., 2008), and B-arrestin-mediated signaling is
thought to mediate beneficial effects (Noma et al., 2007). Because
PI3Ky is upregulated under cardiac stress (Patrucco et al., 2004;
Perino et al., 2011), we determined whether PI3Ky plays a role in
ERK activation by the B-blocker carvedilol. WT or PI3Ky KO MEFs
were stimulated with carvedilol for 0-60 min and ERK activation was
assessed. Significant and sustained ERK activation was observed fol-
lowing carvedilol treatment in WT MEFs (Figure 7B, top panel, bot-
tom panel summary data, n = 3), which was abolished in KO MEFs
(Figure 7B, top panel, bottom panel summary data, n = 3). These
results demonstrate that expression of PI3Ky plays a critical role in
sustaining ERK activation following extracellular stimuli such as ago-
nists or antagonists. This is a key observation, as expression of PI3Ky
is low in many cell types in normal physiology, but its expression is
significantly upregulated in pathology (Fougerat et al., 2008; Perino
et al., 2011). Such upregulation suggests that kinase-independent
functioning of PI3Ky may regulate critical cellular responses, in addi-
tion to its classical role of kinase-dependent signaling. Representa-
tive full scans of all the Western blots in this article are presented in
Supplemental Figure 4.

DISCUSSION

Here we report identification of a unique regulation of ERK signaling
by a kinase-independent function of PI3Ky that regulates PP2A func-
tion. We show that inhibition of PI3Ky with the pan PI3K inhibitor
Wort, knockdown of PI3Ky, or absence of PI3Ky results in loss of ERK
phosphorylation. The decrease in ERK activation occurs in response
not only to classical GPCR-mediated PI3Ky-dependent pathway but
also to growth factor (Ins)—driven signaling, in which PI3Ky is not
known to play a role in regulating ERK. The severely compromised
Ins-dependent ERK activation in the absence of PI3Ky is restored by
expression of inactive PI3Ky (PI3Kyi,ac), showing a key role for ki-
nase-independent function, in contrast to the classical kinase-de-
pendent role of PI3Ky. Furthermore, our study shows that PI3Ky is
critical for ERK signaling mediated by the B-blocker carvedilol. Inter-
estingly, our data show that the kinase-independent function of
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PI3Ky modulates ERK phosphorylation in a kinase-independent manner. KO MEFs were transfected with
either WT PI3Ky or PI3Kyi,act (A PI3Ky), plated on poly-L-lysine coated coverslips, serum-starved, stimulated with Ins for
10 min, and fixed with 4% paraformaldehyde for 30 min. The cells were immunostained using o-pERK antibody and
o-HA antibody and mounted using ProLong Gold Mountant with DAPI. The ERK phosphorylation was assessed using
confocal microscopy. ERK phosphorylation is depicted by green fluorescence and PI3Ky expression is represented by
red fluorescence (bar = 10 pm). Fluorescence intensity per cell is presented as a bar graph (n = 3). Thirty cells for -HA
and thirty cells for +HA were used per experiment to measure the fluorescence intensity, and values were adjusted to a
scale of 10 for graphical presentation. *Significantly higher fluorescence intensity (p < 0.01)

PI3Ky regulates PP2A activity by sequestering PP2A from ERK, aid-
ing in sustained ERK activation. Finally, the PI3Ky-PP2A-ERK axis is
preserved in primary adult cardiac fibroblasts. We believe that this
unique role of PI3Ky in signaling may help explain the progression
of diseases in which the abundance of PI3Ky protein is increased in
pathology. Our data thus provide evidence of a hitherto unappreci-
ated role of PI3Ky in sequestering PP2A by the scaffolding function,
thereby regulating ERK dephosphorylation by PP2A (Figure 8).

The role of PI3Ky in regulating downstream signaling following
stimulation of GPCRs such as muscarinic (m2) or formyl-MET-LEU-
PHE (fMLP) receptors is well known (Lopez-llasaca et al., 1997;
Burelout et al., 2004). Studies using inactive PI3Ky mutants have
shown that PI3Ky can regulate the MAPK pathway (Lopez-llasaca
et al., 1997; Bondeva et al., 1998) in response to agonist. Further-
more, studies using chimeric PI3K mutants containing the PI3Ky
catalytic core replaced with Class Il and Ill sequences that retained
protein kinase activity showed marked Wort sensitivity toward ERK
activation (Bondeva et al., 1998). This observation suggested that
protein kinase activity of PI3Ky could play a role in MAPK signaling
following GPCR activation. Consistently, our studies show that inhi-
bition of PI3K by Wort inhibits ERK activation in response to BAR
stimulation. Critically, ERK activation following BAR stimulation by
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the agonist isoproterenol (Iso) is mediated by PI3Ky, as selective
knockdown of PI3Ky or MEFs from the PI3Ky KO mice shows loss of
ERK activation following Iso. These observations together suggest
that PI3Ky is a key mediator of BAR-mediated ERK activation.

In addition to the preserved role of PI3Kyin GPCR-mediated ERK
activation, we observed that the absence of PI3Ky (KO MEFs) or the
knockdown of PI3Ky in HEK 293 cells resulted in reduction of ERK
activation following growth factor stimulation (EGF or Ins). Impor-
tantly, knockdown of both PI3Ka and PI3Ky has similar effects on
ERK activation following EGF stimulation, suggesting a unique role
for PI3Ky downstream of growth factor receptors in regulating ERK
activation. This observation was surprising, given that our previous
studies of the hearts from PI3Ky KO mice showed no differences in
ERK activation in response to GPCR agonist Iso or growth factor Ins
administration (Mohan et al., 2013). These data provide the insight
that PI3Ky-mediated regulation of ERK could be a cell-specific tem-
poral regulation that may depend upon the cellular functioning, in-
cluding proliferation, given that ERK is a key regulator of cell division
(Crews et al., 1992a; Chang et al., 2003). Because cardiac myocytes
account for a majority of the cells by volume in the heart and as they
are quiescent and do not divide, this unique ERK regulation may be
absent in adult cardiomyocytes. In contrast, cardiac fibroblasts
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FIGURE 5: Regulation of ERK phosphorylation by PI3Ky is through inhibition of protein phosphatase. (A) WT MEFs and
KO MEFs were serum-starved and stimulated with Ins for 10 min. ERK was immunoprecipitated using 500 pg of cell

lysates, and immunoprecipitates were utilized to measure serine—threonine phosphatase activity with a malachite green
phosphatase assay kit. The phosphatase activities are presented as pmol phosphate released per minute. Amalgamated
data are presented as bar graphs (n = 3). *p <0.01, Ins vs. Ctrl. p <0.001, WT MEF-Ctrl/KO MEF-Ctrl. (B) WT MEFs and

KO MEFs were serum-starved, treated with Veh or 1 pM Fostreicin (Fos), and stimulated with Ins. The cells were lysed
and immunoblotted with 0-pERK antibody. The blots were stripped and immunoblotted with a-ERK antibody as a
loading control. Cumulative data are presented as bar graphs (n = 4). #p < 0.01, MEF-Fos-Ctrl vs. MEF-Veh-Ctrl. *p <
0.001, WT MEF-Ins vs. KO MEF-Ins. #p < 0.001, WT/KO MEF-Fos-Ins vs. WT/KO MEF-Veh-Ins. (C) WT MEFs, KO MEFs,
and KO MEFs overexpressing WT and PI3Kyi,act (A PI3Ky) were serum-starved and stimulated with Ins for 10 min. The
cells were lysed, ERK was immunoprecipitated using 500 pg of cell lysates, and immunoprecipitates were utilized to
measure serine-threonine phosphatase activity. The phosphatase activities are presented as pmol phosphate released
per minute. Amalgamated data are presented as bar graphs (n = 3). *p < 0.01, Ins vs. Ctrl. #p <0.001, WT MEF-Ctrl/KO
MEF-Ctrl. **p < 0.001, KO MEF-Ins with overexpression of WT or PI3Kyjyact vs. KO MEF-Ins with Vec. #p< 0.001, KO
MEF-Ctrl with overexpression of WT or PI3Kyin,ct vs. WT/KO MEF-Ctrl. $p< 0.01, KO MEF-Ins with overexpression of WT
or PI3KYinact vs. KO MEF-Ctrl with overexpression of WT or PI3Kyiact. (D) WT MEFs and KO MEFs were serum-starved
and stimulated with Ins for 10 min. The cells were lysed, ERK was immunoprecipitated using 500 pg of cell lysates,

and immunoprecipitates were immunoblotted for coimmunoprecipitating PP2Ac. The blots were stripped and
immunoblotted with o-ERK antibody as loading control. Amalgamated data of coimmunoprecipitating PP2Ac normalized
to immunoprecipitated ERK presented as bar graphs (n = 3). *p < 0.01, Ins vs. Ctrl. #p <0.001, WT MEF-Ins/KO MEF-Ins.

isolated from the adult mouse hearts from PI3Ky KO mice and their
littermate controls show acute regulation of ERK activation by PI3Ky
following Ins treatment. These observations suggest the presence
of a unique axis of the PI3Ky-ERK pathway that may regulate cell-
specific responses, adding another layer of ERK regulation, given its
central role in mediating a plethora of downstream events (Crews
et al., 1992a; Pearson et al., 2001; Chang et al., 2003).

Regulation of ERK by PI3Ky in response to insulin suggests a
hitherto unknown mechanism of ERK regulation. As previous studies
have elegantly shown that activation of ERK in response to GPCR
stimulation is dependent on the kinase function of PI3Ky (Lopez-lla-
saca et al., 1997; Bondeva et al., 1998), we overexpressed inactive
PI3Ky (PI3KYinact - deletion in ATP binding site, A PI3Ky) in the KO
MEFs. A recovery in ERK response to Ins was observed even in the
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presence of PI3KYjn,ct, sShowing that regulation of ERK phosphoryla-
tion to insulin could be a kinase-independent mechanism. There has
been increasing recognition of the kinase-independent function of
PI3Ky in regulating signal pathways, such as modulating cAMP lev-
els by scaffolding phosphodiesterase (PDE) (Patrucco et al., 2004;
Perino et al., 2011). Furthermore, we have shown that the kinase-
independent scaffolding function of PI3Ky regulates the interaction
between PP2A and its activator PP2A methyltransferase, thereby
regulating the function of glycogen synthase kinase 3 (GSK3) in vivo
in the hearts (Mohan et al., 2013). Correspondingly, we observed
significantly increased direct interaction between PP2A and ERK in
the KO MEFs in comparison with WT, suggesting that PI3Ky may
directly interact with and scaffold PP2A from ERK. In contrast to our
heart studies on GSK3, there were no differences in the interaction
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FIGURE 6: PI3Ky sequesters PP2A from ERK. (A) KO MEFs
transfected with Vec and PI3Kyi,at Were serum-starved and
stimulated with Ins for 10 min. The cells were lysed, ERK was
immunoprecipitated using 500 pg of cell lysates, and
immunoprecipitates were immunoblotted for coimmunoprecipitating
PP2Ac. The blots were stripped and immunoblotted with a-ERK
antibody as loading control. Amalgamated data of coimmuno-
precipitating PP2Ac normalized to immunoprecipitated ERK
presented as bar graphs (n = 3). *p < 0.01, KO-PI3Ky;nat-Ctrl vs.
KO-Vec-Ctrl. #p < 0.001, KO MEF-Ins/KO MEF-Ctrl. $p <0.001,
KO-PI3KYinact-Ins vs. KO-Vec-Ins. Lysates were immunoblotted for
PI3Ky (bottom panel). (B) WT MEFs were serum-starved and
stimulated with Ins for 10 min. The cells were lysed, PI3Ky was
immunoprecipitated using 500 pg of cell lysates. and
immunoprecipitates were immunoblotted for coimmunoprecipitating
PP2Ac. The blots were stripped and immunoblotted with a-PI3Ky
antibody as loading control. Cumulative data of coimmunoprecipita-
ting PP2Ac normalized to immunoprecipitated PI3Ky presented as bar
graphs (n=3). *p < 0.01, Ins vs. Ctrl.

between methylated PP2A with ERK (unpublished data). This sug-
gests that regulation of direct interaction between PP2A and ERK by
PI3Ky may be a temporal cell-specific mechanism that could be oc-
curring in a subset of actively dividing cells. This idea is supported
by observations of primary adult cardiac fibroblasts.

Our studies suggest the presence of a powerful regulation of
ERK dephosphorylation by PI3Ky that cooperatively promotes ERK
signaling. Decreased phosphorylation of ERK, downstream of both
the Iso-GPCR and Ins-RTK pathway in PI3Ky KO MEFs, indicates a
critical role for PI3Ky in enhancing ERK function. Although the ma-
jority of studies have been confined to understanding the kinase-
mediated phosphorylation of ERK by upstream regulators (Crews
et al., 1992b; Zheng and Guan, 1993a,b; Pearson et al., 2001), less
is known about active regulation of ERK by PP2A-mediated dephos-
phorylation. In this context, our studies show that PI3Ky-mediated
suppression of PP2A is an active and potentially an equal compo-
nent necessary for sustaining and initiating the activation of ERK.
Correspondingly, our data show drastically reduced phosphoryla-
tion of ERK in the MEFs from PI3Ky KO mice irrespective of the
stimulant (Iso, Ins, EGF, FBS, or carvedilol). This implies that PI3Ky-
mediated ERK activation via the PP2A is not limited to a single sig-
nal transduction pathway but could synergize and underlie the mul-
tiple upstream signaling pathways.
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FIGURE 7: PI3Ky regulates ERK phosphorylation in adult cardiac
fibroblasts and modulates B-arrestin-mediated ERK phosphorylation.
(A) PI3Ky modulates Ins-mediated ERK phosphorylation in adult
cardiac fibroblasts. Adult cardiac fibroblasts isolated from WT and
PI3Ky KO mice were serum-starved and stimulated with Ins for
10 min. The cells were lysed and immunoblotted with o-pERK
antibody. The blots were stripped and immunoblotted with o-ERK
antibody as loading control. Amalgamated densitometric data are
presented as bar graphs (n = 3). *p <0.001, WT CF vs. KO CF. (B) WT
MEFs and KO MEFs were serum-starved and stimulated with 10 uyM
of the B-blocker carvedilol (Carv) for 5-60 min. The cells were lysed
and immunoblotted with o-pERK antibody. The blots were stripped
and immunoblotted with o-ERK antibody as loading control.
Amalgamated densitometric data are presented as bar graphs (n= 3).
*p <0.001, WT MEF-Carv vs. KO MEF-Carv.
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Understanding the regulation of ERK activation through phos-
phatase regulation is critical, as it is a parallel regulatory pathway
that has significant consequences for downstream effects. This con-
cept is supported by significant loss of carvedilol (a B-blocker treat-
ment)-mediated ERK activation, in which the activated kinase is not
able to overcome the accelerated dephosphorylation by the phos-
phatase overwhelming the kinase arm. This observation suggests
the existence of tight phosphatase regulation by PI3Ky, although
through a kinase-independent mechanism, as there is a restoration
of ERK activation following expression of inactive PI3Ky in the PI3Ky
KO MEFs. A corollary to these observations is our data showing
decrease in ERK activation in primary adult cardiac fibroblasts.
These data support the idea that regulation of ERK-associated
phosphatase activity by a noncanonical kinase-independent mecha-
nism of PI3Ky could be a key determining factor in mediating down-
stream pathways. In this regard, it is important to note that had we
used isoform specific kinase inhibitors, we would have missed this
unique noncanonical regulation of the ERK-associated phosphatase
activity by PI3Ky. The kinase-independent regulation by PI3Ky s sig-
nificant, given that its expression is not widespread but mainly con-
fined to hematopoietic systems, pancreas, skeletal muscle, and to a
certain extent the heart and lungs. However, the level of PI3Ky in-
creases markedly in heart failure pathology, and therefore in addi-
tion to its role as a kinase, increased PI3Ky protein levels could also
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FIGURE 8: Mechanism of PI3Ky-mediated regulation of ERK phosphorylation through inhibition

of PP2A.

effectively regulate kinase-independent functions such as sustaining
ERK activation, which may be a key to B-blocker response.

Mechanistically, decreased phosphorylation of ERK in PI3Ky KO
MEFs was associated with increased PP2A activity. Furthermore,
inhibition of PP2A with a selective inhibitor, Fos, was able to re-
store the pERK response to Ins in KO MEFs, suggesting that PP2A
activity underlies ERK regulation by PI3Ky. Although we have ob-
served nearly complete recovery in ERK phosphorylation following
inhibition of PP2A, it is important to note that this may not be the
only mechanism for dephosphorylation of ERK. Studies have iden-
tified DUSPs that bind to ERK and inactivate it in the nucleus in
response to EGF stimulations (Caunt et al., 2008). In this regard,
our studies indicate that the kinase-independent scaffolding func-
tion of PI3Ky may regulate ERK function in the cytosol. Importantly,
studies have shown that B-arrestin—~dependent G-protein-inde-
pendent ERK signaling is primarily cytosolic, in contrast to G-pro-
tein—dependent nuclear signals (Tohgo et al., 2002). In addition to
PP2A and DUSP mechanisms of ERK dephosphorylation, ERK can
also be dephosphorylated by unique phosphatases in a cell-spe-
cific manner, like STEP in striatal ganglion (Shiflett and Balleine,
2011). These observations suggest that dephosphorylation of ERK
can be regulated in a spatiotemporal manner as well as in a cell-
specific manner, suggesting redundant regulation of this key step.

The recovery in pERK levels following inhibition of PP2A lays a
foundation for the concept that kinase-mediated phosphorylation
of ERK is as effective as the ability of the cell to inhibit PP2A activity
by PI3Ky during the signal transduction event. Consistently, we ob-
served significant recruitment of PP2A to ERK in PI3Ky KO MEFs,
associated with increased phosphatase activity that could account
for increased dephosphorylation of ERK. Conversely, the PP2A-ERK
interaction was reversed, with overexpression of PI3Ky;n,.t and PI3Ky
interaction with PP2A increased with Ins stimulation. Thus scaffold-
ing of PP2A by PI3Ky (active or inactive) sequesters PP2A, leading to
a decrease in recruitment of PP2A to ERK, thus sustaining ERK phos-
phorylation following stimulation. These muiltiple lines of evidence
support the idea that the expression level of PI3Ky could be a critical
factor in resetting PP2A activity and thereby ERK activation, which is
key to many cellular responses, including proliferation, differentia-
tion, and survival (Crews et al., 1992a; Chen et al., 2001; Pearson
etal., 2001; Chang et al., 2003). More importantly, the reset initiated
by PI3Ky could play a key role in sustained signaling, as increasing
levels of PI3Ky expression could prolong ERK activation.

The appreciation that the intrinsic magnitude of protein phos-
phorylation in response to external stimuli is not just based on
kinase activity of the upstream molecules but also on the si-
multaneous inhibition of dephosphorylating phosphatase, brings to
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lation mediated by overactive PP2A, which
overwhelms the kinase-driven mechanism.
Even though PI3Ky plays a major role as a
kinase regulating key signaling events (Naga
Prasad et al., 2002, 2005; Nienaber et al.,
2003; Andrews et al., 2007a,b; Vasudevan et al., 2011), the mecha-
nism of sustaining ERK activation depends on the kinase-indepen-
dent scaffolding function of sequestering PP2A from interacting with
ERK. These observations have significant implications, as an increase
in PI3Ky expression could alter the magnitude of a signal through
both kinase-dependent and kinase-independent mechanisms.

MATERIALS AND METHODS

Pharmacological compounds

Isoproterenol hydrochloride, insulin, carvedilol, and wortmannin
were all obtained from Sigma-Aldrich, St. Louis, MO. Fostreicin was
from Clayman Chemical, MI. Human EGF was from STEMCELL Tech-
nologies, Vancouver, BC, Canada. FBS was from Atlanta Biologicals.

siRNAs and shRNA constructs

Sequences and details of the siRNAs initially used and development
of stable shRNA knockdown cells have been described previously
(Mohan et al., 2013).

Cell cultures and treatments

Cell lines used. HEK293 cells; stable knockdown of PI3Ka and
PI3Kyin HEK293 cells; MEFs isolated from PI3Ky-knockout mice (KO
MEF) as well as from wild-type mice (WT MEF).

HEK293 cell lines were grown and maintained in DMEM (Life
Technologies) with 10% FBS (Life Technologies) and penicillin/strep-
tomycin (Life Technologies). Stable knockdown of PI3Ko and PI3Ky
in HEK293 cells was also maintained in DMEM with 10% FBS supple-
mented with hygromycin (400 mg/ml). Wild-type MEFs were main-
tained in DMEM with 10% FBS and penicillin/streptomycin. Cells
were maintained in a humidified incubator at 37°C under 5% CO,.

Isolation and maintenance of MEFs and cardiac fibroblasts from
wild-type and PI3Ky-knockout mice. Isolation and maintenance of
MEFs from wild-type and knockout mice have been described ear-
lier (Naga Prasad et al., 2005).

Isolation of cardiac fibroblasts (CFs). Hearts were washed several
times with cold phosphate-buffered saline (PBS) and minced into
1-2 mm pieces. The tissue was then subjected to digestion at 35°C
by a mixture of 0.1% trypsin and 200 U/ml collagenase (type IV;
Sigma-Aldrich) for 10 min by constant stirring. At the end of diges-
tion, the mixture was aspirated without taking any undigested tissue.
The digestion process was repeated three to four times for more
yield. After the first two digestion mixtures were discarded (as they
contained blood cells and cell debris), the next phases of digestion
mixtures were collected in a fresh tube. Then the mixture was
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pelleted by centrifuging at 1000 rpm for 5 min and the pellet was
resuspended in DMEM containing 10% FBS, plated on a 100-mm
culture dish, and incubated for 2 h at 37°C in a humidified incubator
under 10% CO,. At the end of this period, unattached cells were
discarded and attached cells were grown in DMEM with sodium py-
ruvate and p-glucose (4.5 g/l) containing 10% FBS and 2.2% antibi-
otic/antimycotic (10,000 U/ml penicillin, 10,000 pg/ml streptomycin,
and 25 pg/ml amphotericin B; Life Technologies) at 37°C. Cells were
maintained in a humidified incubator at 37°C and under 5% CO,.
The primary cultures of cardiac fibroblasts were maintained in the
above-mentioned medium and the medium was changed every 2 d.

Treatment. Cells were separately treated with ligands such as Ins
(3 pg/ml), Iso hydrochloride (100 uM), carvedilol (10 uM), and EGF
(10 ng/ml) either for 10 min or until different time points to capture
the phosphorylation of ERK. Cells were pretreated with wortmannin
(100 nM) or Fostreicin (1 pM), separately or in combination, followed
by treatment with specific ligands. Controls in the experiments were
maintained under conditions similar to those for treated cells, but
without ligands.

Transfection. WT and KO MEFs were transfected with 6 ug WT and
PI3KYinact plasmid DNA [pCDNA3.1¢] using FUGENE 6 (Promega)
following the manufacturer’s protocol. Cells were under transfection
for 48 h, followed by treatment of either ligand alone or with a spe-
cific inhibitor.

Western blot

Protein extracts was prepared from cells using either NP-40 lysis
buffer (20 mM Tris, pH 7.4, 137 mM NaCl, 1 mM phenylmethane-
sulfonyl fluoride (PMSF), 20% glycerol, 10 mM NaF, 1% NP-40, so-
dium orthovanadate, leupeptin, aprotinin, phosphatase inhibitor
cocktail [no phosphatase inhibitor cocktail if used for phosphatase
assay]) or Triton X-100 lysis buffer (20 mM Tris, pH 7.4, 300 mM
NaCl, T mM PMSF, 20% glycerol, 0.8% Triton X-100, leupeptin,
aprotinin, phosphatase inhibitor cocktail [no phosphatase inhibitor
cocktail if used for phosphatase assay]) for the immunoprecipitation
experiment. Samples of 50 pg of cell lysates were subjected to im-
munoblotting using primary antibody specific for pERK, ERK (Cell
Signaling), PI3Ka (Santa Cruz Biotechnology), PI3Ky (Santa Cruz
Biotechnology), PP2Ac (Santa Cruz Biotechnology), and horserad-
ish peroxidase—conjugated secondary antibodies (GE Healthcare or
Thermo Scientific). Immune complexes were detected using chemi-
luminescence reagents and the images were captured on x-ray
films. Image analysis was performed with National Institutes of
Health (NIH) ImageJ software. Alternatively, primary antibody incu-
bation was followed by incubation with infrared dye (IRDye)—conju-
gated secondary antibodies (either 926-68072 IRDye 680RD don-
key anti-mouse 1gG [H + L], 926-32213 IRDye 800CW donkey
anti-rabbit IgG [H + L], or 926-32214 IRDye 800CW donkey anti-
goat IgG [H + LJ; LI-COR), and immunoreactive bands were visual-
ized under an Odyssey scanner (Odyssey CLx; LI-COR). The bands
were quantitated using Image Studio Version 3.1 (LI-COR) and
normalized by ERK.

Phosphatase assay

A phosphatase activity was performed using a serine—threonine
phosphatase kit (Cat#20-105; Upstate Biotechnology). Samples of
500 pg total protein from cell lysates were used to immunoprecipi-
tate ERK; samples were resuspended in the phosphate-free assay
buffer and incubated in the presence or absence of serine-threo-
nine specific phosphopeptide substrate for 10 min. The reaction mix
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was incubated with acidic malachite green solution, and its absor-
bance at 630 nm was measured in a plate reader.

Confocal microscopy

MEFs were transfected with vector or HA-tagged PI3Ky and plated
onto coverslips treated with poly L-lysine. Cells were serum-starved
for 4 h, stimulated, fixed (4% para-formaldehyde), permeabilized with
ice cold methanol for 10 min at —=20°C, and blocked with 5% normal
goat serum (NGS) in PBS. Anti-phospho ERK (1:1000; Cell Signaling)
and/or anti-HA (1:100; Roche) were used as primary antibodies, while
goat anti-rabbit AlexaFlour 488 (1:200; Molecular Probes) and anti-
mouse AlexaFlour 568 (1:200; Molecular Probes) were used as sec-
ondary antibodies. Samples were visualized using sequential line
excitation at 488 and 568 nm for green and red, respectively. Quanti-
tation of the fluorescence intensity of the cells was performed using
the IMAGE PRO PLUS 7 program (Media Cybernetics).

Statistical analysis

All data expressed as mean = SEM (n > 3 experiments performed
under identical conditions). Analysis of variance was used for multi-
ple comparisons of the data. Statistical analyses were performed
using GraphPad Prism, and the significance between the treatments
was determined by Student’s t test. A p value less than 0.05 was
considered statistically significant.

ACKNOWLEDGMENTS

This work is supported in part by American Heart Association Sci-
entist Development Grant 13 SDG17110076 (M.L.M.) and NIH ROI
HLO89473 (S.V.N.P).

REFERENCES

Andrews S, Stephens LR, Hawkins PT (2007a). PI3K class IB pathway. Sci
STKE 2007, cm?2.

Andrews S, Stephens LR, Hawkins PT (2007b). PI3K class IB pathway in
neutrophils. Sci STKE 2007, cm3.

Bondeva T, Pirola L, Bulgarelli-Leva G, Rubio I, Wetzker R, Wymann MP
(1998). Bifurcation of lipid and protein kinase signals of PI3Kgamma to
the protein kinases PKB and MAPK. Science 282, 293-296.

Boulton TG, Nye SH, Robbins DJ, Ip NY, Radziejewska E, Morgenbesser SD,
DePinho RA, Panayotatos N, Cobb MH, Yancopoulos GD (1991). ERKs:
a family of protein—serine/threonine kinases that are activated and tyro-
sine phosphorylated in response to insulin and NGF. Cell 65, 663-675.

Boulton TG, Yancopoulos GD, Gregory JS, Slaughter C, Moomaw C, Hsu
J, Cobb MH (1990). An insulin-stimulated protein kinase similar to yeast
kinases involved in cell cycle control. Science 249, 64-67.

Burelout C, Thibault N, Levasseur S, Simard S, Naccache PH, Bourgoin SG
(2004). Prostaglandin E2 inhibits the phospholipase D pathway stimu-
lated by formyl-methionyl-leucyl-phenylalanine in human neutrophils.
Involvement of EP2 receptors and phosphatidylinositol 3-kinase gamma.
Mol Pharmacol 66, 293-301.

Caunt CJ, Rivers CA, Conway-Campbell BL, Norman MR, McArdle CA
(2008). Epidermal growth factor receptor and protein kinase C signaling
to ERK2: spatiotemporal regulation of ERK2 by dual specificity phospha-
tases. J Biol Chem 283, 6241-6252.

Chakraborty S, Li L, Puliyappadamba VT, Guo G, Hatanpaa KJ, Mickey
B, Souza RF, Vo P, Herz J, Chen MR, et al. (2014). Constitutive and
ligand-induced EGFR signalling triggers distinct and mutually exclusive
downstream signalling networks. Nat Commun 5, 5811.

Chang F, Steelman LS, Shelton JG, Lee JT, Navolanic PM, Blalock WL,
Franklin R, McCubrey JA (2003). Regulation of cell cycle progression and
apoptosis by the Ras/Raf/MEK/ERK pathway (review). Int J Oncol 22,
469-480.

Chen Z, Gibson TB, Robinson F, Silvestro L, Pearson G, Xu B, Wright A,
Vanderbilt C, Cobb MH (2001). MAP kinases. Chem Rev 101, 2449—
2476.

Cobb MH, Boulton TG, Robbins DJ (1991). Extracellular signal-regulated
kinases: ERKs in progress. Cell Regul 2, 965-978.

Copik AJ, Baldys A, Nguyen K, Sahdeo S, Ho H, Kosaka A, Dietrich PJ, Fitch
B, Raymond JR, Ford AP, et al. (2015). Isoproterenol acts as a biased

PI3Ky enhances insulin-ERK signaling | 3121



agonist of the alpha-1A-adrenoceptor that selectively activates the
MAPK/ERK pathway. PLoS One 10, e0115701.

Crews CM, Alessandrini A, Erikson RL (1992a). Erks: their fifteen minutes has
arrived. Cell Growth Differ 3, 135-142.

Crews CM, Alessandrini A, Erikson RL (1992b). The primary structure of
MEK, a protein kinase that phosphorylates the ERK gene product.
Science 258, 478-480.

Czupalla C, Culo M, Muller EC, Brock C, Reusch HP, Spicher K, Krause E,
Nurnberg B (2003). Identification and characterization of the auto-
phosphorylation sites of phosphoinositide 3-kinase isoforms beta and
gamma. J Biol Chem 278, 11536-11545.

Damilano F, Perino A, Hirsch E (2010). PI3K kinase and scaffold functions in
heart. Ann NY Acad Sci 1188, 39-45.

Dhand R, Hiles I, Panayotou G, Roche S, Fry MJ, Gout |, Totty NF, Truong
O, Vicendo P, Yonezawa K, et al. (1994). Pl 3-kinase is a dual specificity
enzyme: autoregulation by an intrinsic protein—serine kinase activity.
EMBO J 13, 522-533.

Edling CE, Selvaggi F, Buus R, Maffucci T, Di Sebastiano P, Friess H,
Innocenti P, Kocher HM, Falasca M (2010). Key role of phosphoinositide
3-kinase class IB in pancreatic cancer. Clin Cancer Res 16, 4928-4937.

Foster FM, Traer CJ, Abraham SM, Fry MJ (2003). The phosphoinositide (PI)
3-kinase family. J Cell Sci 116, 3037-3040.

Fougerat A, Gayral S, Gourdy P, Schambourg A, Ruckle T, Schwarz MK,
Rommel C, Hirsch E, Arnal JF, Salles JP, et al. (2008). Genetic and phar-
macological targeting of phosphoinositide 3-kinase-gamma reduces
atherosclerosis and favors plaque stability by modulating inflammatory
processes. Circulation 117, 1310-1317.

Frister A, Schmidt C, Schneble N, Brodhun M, Gonnert FA, Bauer M, Hirsch
E, Muller JP, Wetzker R, Bauer R (2014). Phosphoinositide 3-kinase
gamma affects LPS-induced disturbance of blood-brain barrier via lipid
kinase-independent control of cAMP in microglial cells. Neuromolecular
Med 16, 704-713.

Ghigo A, Li M (2015). Phosphoinositide 3-kinase: friend and foe in cardio-
vascular disease. Front Pharmacol 6, 169.

Janssens V, Goris J (2001). Protein phosphatase 2A: a highly regulated
family of serine/threonine phosphatases implicated in cell growth and
signalling. Biochem J 353, 417-439.

Johnson GL, Lapadat R (2002). Mitogen-activated protein kinase path-
ways mediated by ERK, JNK, and p38 protein kinases. Science 298,
1911-1912.

Kim IM, Tilley DG, Chen J, Salazar NC, Whalen EJ, Violin JD, Rockman
HA (2008). Beta-blockers alprenolol and carvedilol stimulate beta-
arrestin-mediated EGFR transactivation. Proc Natl Acad Sci USA 105,
14555-14560.

Kolch W (2000). Meaningful relationships: the regulation of the Ras/
Raf/MEK/ERK pathway by protein interactions. Biochem J 351(Pt 2),
289-305.

Letourneux C, Rocher G, Porteu F (2006). B56-containing PP2A dephos-
phorylate ERK and their activity is controlled by the early gene IEX-1
and ERK. EMBO J 25, 727-738.

Lopez-llasaca M, Crespo P, Pellici PG, Gutkind JS, Wetzker R (1997). Linkage
of G protein-coupled receptors to the MAPK signaling pathway through
Pl 3-kinase gamma. Science 275, 394-397.

Martini M, De Santis MC, Braccini L, Gulluni F, Hirsch E (2014). PI3K/

AKT signaling pathway and cancer: an updated review. Ann Med 46,
372-383.

Mohan ML, Jha BK, Gupta MK, Vasudevan NT, Martelli EE, Mosinski JD,
Naga Prasad SV (2013). Phosphoinositide 3-kinase gamma inhibits
cardiac GSK-3 independently of Akt. Sci Signal 6, ra4.

Naga Prasad SV, Jayatilleke A, Madamanchi A, Rockman HA (2005). Protein
kinase activity of phosphoinositide 3-kinase regulates beta-adrenergic
receptor endocytosis. Nat Cell Biol 7, 785-796.

Naga Prasad SV, Laporte SA, Chamberlain D, Caron MG, Barak L, Rockman
HA (2002). Phosphoinositide 3-kinase regulates beta2-adrenergic
receptor endocytosis by AP-2 recruitment to the receptor/beta-arrestin
complex. J Cell Biol 158, 563-575.

Nienaber JJ, Tachibana H, Naga Prasad SV, Esposito G, Wu D, Mao L,
Rockman HA (2003). Inhibition of receptor-localized PI3K preserves
cardiac beta-adrenergic receptor function and ameliorates pressure
overload heart failure. J Clin Invest 112, 1067-1079.

Noma T, Lemaire A, Naga Prasad SV, Barki-Harrington L, Tilley DG, Chen
J, Le Corvoisier P, Violin JD, Wei H, Lefkowitz RJ, Rockman HA (2007).
Beta-arrestin-mediated beta-adrenergic receptor transactivation of the
EGFR confers cardioprotection. J Clin Invest 117, 2445-2458.

Patrucco E, Notte A, Barberis L, Selvetella G, Maffei A, Brancaccio M,
Marengo S, Russo G, Azzolino O, Rybalkin SD, et al. (2004). PI3Kgamma

3122 | M. L Mohan etal

modulates the cardiac response to chronic pressure overload by distinct
kinase-dependent and -independent effects. Cell 118, 375-387.

Pearson G, Robinson F, Beers Gibson T, Xu BE, Karandikar M, Berman K,
Cobb MH (2001). Mitogen-activated protein (MAP) kinase pathways:
regulation and physiological functions. Endocr Rev 22, 153-183.

Perino A, Ghigo A, Ferrero E, Morello F, Santulli G, Baillie GS, Damilano F,
Dunlop AJ, Pawson C, Walser R, et al. (2011). Integrating cardiac PIP3
and cAMP signaling through a PKA anchoring function of p110gamma.
Mol Cell 42, 84-95.

Rommel C, Camps M, Ji H (2007). PI3K delta and PI3K gamma: partners
in crime in inflammation in rheumatoid arthritis and beyond? Nat Rev
Immunol 7, 191-201.

Rozengurt E (2007). Mitogenic signaling pathways induced by G protein-
coupled receptors. J Cell Physiol 213, 589-602.

Ruckle T, Schwarz MK, Rommel C (2006). PI3Kgamma inhibition: towards an
“aspirin of the 21st century”? Nat Rev Drug Discov 5, 903-918.

Schmidt C, Schneble N, Muller JP, Bauer R, Perino A, Marone R, Rybalkin
SD, Wymann MP, Hirsch E, Wetzker R (2013). Phosphoinositide 3-kinase
gamma mediates microglial phagocytosis via lipid kinase-independent
control of cAMP. Neuroscience 233, 44-53.

Shiflett MW, Balleine BW (2011). Contributions of ERK signaling in the
striatum to instrumental learning and performance. Behav Brain Res
218, 240-247.

Silverstein AM, Barrow CA, Davis AJ, Mumby MC (2002). Actions of PP2A
on the MAP kinase pathway and apoptosis are mediated by distinct
regulatory subunits. Proc Natl Acad Sci USA 99, 4221-4226.

Sontag E (2001). Protein phosphatase 2A: the Trojan Horse of cellular signal-
ing. Cell Signal 13, 7-16.

Stoyanov B, Volinia S, Hanck T, Rubio |, Loubtchenkov M, Malek D,
Stoyanova S, Vanhaesebroeck B, Dhand R, Nurnberg B, et al. (1995).
Cloning and characterization of a G protein-activated human phos-
phoinositide-3 kinase. Science 269, 690-693.

Stoyanova S, Bulgarelli-Leva G, Kirsch C, Hanck T, Klinger R, Wetzker
R, Wymann MP (1997). Lipid kinase and protein kinase activities of
G-protein-coupled phosphoinositide 3-kinase gamma: structure-activ-
ity analysis and interactions with wortmannin. Biochem J 324(Pt 2),
489-495.

Takeda H, Matozaki T, Takada T, Noguchi T, Yamao T, Tsuda M, Ochi F,
Fukunaga K, Inagaki K, Kasuga M (1999). Pl 3-kinase gamma and pro-
tein kinase C-zeta mediate RAS-independent activation of MAP kinase
by a Gi protein-coupled receptor. EMBO J 18, 386-395.

Tohgo A, Pierce KL, Choy EW, Lefkowitz RJ, Luttrell LM (2002). beta-Arrestin
scaffolding of the ERK cascade enhances cytosolic ERK activity but
inhibits ERK-mediated transcription following angiotensin AT 1a receptor
stimulation. J Biol Chem 277, 9429-9436.

Ugi S, Imamura T, Ricketts W, Olefsky JM (2002). Protein phosphatase
2A forms a molecular complex with Shc and regulates Shc tyrosine
phosphorylation and downstream mitogenic signaling. Mol Cell Biol
22, 2375-2387.

Vanhaesebroeck B, Guillermet-Guibert J, Graupera M, Bilanges B (2010).
The emerging mechanisms of isoform-specific PI3K signalling. Nat Rev
Mol Cell Biol 11, 329-341.

Vasudevan NT, Mohan ML, Gupta MK, Hussain AK, Naga Prasad SV (2011).
Inhibition of protein phosphatase 2A activity by PI3Kgamma regulates
beta-adrenergic receptor function. Mol Cell 41, 636-648.

Virshup DM (2000). Protein phosphatase 2A: a panoply of enzymes. Curr
Opin Cell Biol 12, 180-185.

Wisler JW, DeWire SM, Whalen EJ, Violin JD, Drake MT, Ahn S, Shenoy
SK, Lefkowitz RJ (2007). A unique mechanism of beta-blocker action:
carvedilol stimulates beta-arrestin signaling. Proc Natl Acad Sci USA
104, 16657-16662.

Xie Y, Abel PW, Kirui JK, Deng C, Sharma P, Wolff DW, Toews ML, TuY
(2013). Identification of upregulated phosphoinositide 3-kinase gamma
as a target to suppress breast cancer cell migration and invasion. Bio-
chem Pharmacol 85, 1454-1462.

Yang SH, Sharrocks AD, Whitmarsh AJ (2013). MAP kinase signalling cas-
cades and transcriptional regulation. Gene 513, 1-13.

Zhang F, Steinberg SF (2013). S49G and R389G polymorphisms of the
beta(1)-adrenergic receptor influence signaling via the cAMP-PKA and
ERK pathways. Physiol Genomics 45, 1186-1192.

Zheng CF, Guan KL (1993a). Cloning and characterization of two distinct
human extracellular signal-regulated kinase activator kinases, MEK1 and
MEK2. J Biol Chem 268, 11435-11439.

Zheng CF, Guan KL (1993b). Properties of MEKs, the kinases that phos-
phorylate and activate the extracellular signal-regulated kinases. J Biol
Chem 268, 23933-23939.

Molecular Biology of the Cell





