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 Abstract 

 Insulin (INS) metabolic signaling is important for normal cardiovascular and renal function as 
well as for exerting the classic actions of INS, such as glucose uptake in skeletal muscle tissue. 
There is emerging evidence that tyrosine phosphatases as well as protein kinases have impor-
tant modulating roles in INS metabolic signaling in both cardiovascular and classically INS-
sensitive tissues. For example, increases in phosphatase activity may partially explain how an-
giotensin II and aldosterone attenuate activation of the INS receptor substrate protein 1 
(IRS-1)-phosphatidylinositol 3 kinase-protein kinase B pathway, thereby promoting INS resis-
tance. On the other hand, phosphatase activation may also exert beneficial and cardiovascular 
protective effects in conditions such as overnutrition by blocking serine phosphorylation of IRS-
1, thereby improving downstream INS metabolic signaling. Both the beneficial and the detri-
mental effects exerted by the activation of phosphatases will be covered in this report. 

 Copyright © 2012 S. Karger AG, Basel 

 Introduction 

 The insulin receptor substrate protein 1 (IRS-1) is a convergence point for the insulin 
(INS) signaling pathway. IRS-1 is an important docking site for both the INS receptor and 
phosphatidylinositol 3 kinase (PI3K), the upstream and downstream components of the INS 
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metabolic signaling pathway  [1, 2] . IRS-1 is regulated, at least in part, by post-translational 
phosphorylation, with tyrosine phosphorylation of its residues in the phosphotyrosine-bind-
ing domain (PTB) and at YXXM motifs in the Src homology and IRS-1 NPXY motif-con-
taining domain (SAIN) allowing the binding of the INS receptor and PI3K, respectively. In 
contrast, phosphorylation at IRS-1 serine residues can cause IRS-1 proteasomal degradation 
and impede IRS-1 engagement with PI3K  [3–5] . Serine-threonine kinases, such as ribosom-
al protein p70 S6 kinase 1 (S6K1), a downstream effector of mammalian target of rapamycin 
(mTOR), promote serine phosphorylation of IRS-1 residues and reduced INS metabolic sig-
naling  [4–9] . Reduced INS metabolic signaling, in turn, leads to reduced myocardial and 
skeletal muscle glucose uptake, impaired nitric oxide (NO) production in endothelial cells, 
and reduced myocardial glycogen synthase activity and generation of ATP  [4, 8–15] . There 
is emerging evidence that hormones such as Ang II and aldosterone converge with overnu-
trition in promoting mTOR/S6K1 signaling, serine phosphorylation of IRS-1, and reduced 
INS metabolic signaling in cardiovascular and conventionally INS-sensitive tissues  [4–7] .

  Protein kinases and tyrosine phosphatases provide complimentary and countervailing 
actions in the modulation of INS metabolic signaling. For example, protein tyrosine phos-
phatase (PTP-1B) induction mediated by the activation of its protein kinase A (PKA) attenu-
ates IRS-1-PI3K-Akt signaling and INS metabolic signaling  [16] . Other phosphatases, such 
as the tyrosine phosphatase Src homology-containing protein 2 (SHP-2), which binds to the 
C-terminus of IRS-1, and the lipid phosphatase and tensin homology protein (PTEN), which 
plays an important role in regulating the PI3K/AKT anti-apoptotic and survival pathway, 
have also been implicated in influencing INS metabolic signaling  [17, 18] . Conversely, the role 
of serine-threonine phosphatases, such as protein phosphatase 1 (PP1) and protein phospha-
tase 2A (PP2A), has not been fully elucidated. In this regard, it has been shown that okadaic 
acid, which inhibits PP2A activity by over 90%, is a negative regulator of INS metabolic sig-
naling. Further, treatment of cells with okadaic acid reduces tyrosine phosphorylation but 
increases serine phosphorylation and degradation of IRS-1  [19–22] . Indeed, PP2A phospha-
tase may exert beneficial cardiovascular effects by attenuating mTOR/S6K1 and other serine 
kinase-mediated serine phosphorylation of IRS-1, thereby improving IRS-1 engagement 
with PI3K and downstream INS metabolic signaling. 

  Serine-threonine phosphatase PP2A consists of a scaffolding unit, which can bind to 
multiple regulatory subunits to exert substrate specificity, and a catalytic subunit, which ex-
erts its enzymatic activity  [21, 22] . The scaffolding unit is composed of huntingtin-elonga-
tion-A subunit-TOR (HEAT) repeats, with the TOR subunit of the HEAT (corresponding to 
the ‘T’) being equivalent to the yeast TOR1 and TOR2 genes  [22, 23] . Phosphatases such as 
PP2A may be anchored (bound) to their substrates, usually through the scaffolding unit, 
which also anchors kinases. Such regulatory complexes are therefore able to exert a constitu-
tive balancing effect on phosphorylation and respond appropriately to positive or negative 
triggers  [24] . PP2A has been implicated in multiple aspects of the INS signaling pathway. In 
addition to direct dephosphorylation of the mTOR substrate S6K1, PP2A is thought to be 
involved in mTOR-mediated IRS-1 phosphorylation through modulation of PP2A activity 
by mTOR  [25] . In addition, PP2A dephosphorylates protein kinase B (Akt) as well as adeno-
sine monophosphate-activated protein kinase (AMPK), which are both involved in glucose 
transporter type 4 (GLUT 4) translocation and glucose uptake  [26, 27] . PP2A can also acti-
vate the capping protein 4E-BP1, which is involved in the modulation of translation and pro-
tein synthesis, such as inhibiting translation mediated by eukaryotic initiation factor eIF4E 
 [28] . Thus, PP2A may positively regulate IRS-1/PI3K/INS metabolic signaling while coun-
teracting the growth actions of serine kinases such as S6K1.

  Ang II, aldosterone, and overnutrition activate mTOR/S6K1 signaling, leading to dimin-
ished INS metabolic signaling and biological consequences such as impaired NO-mediated 
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vascular relaxation  [4, 5, 29–31] . Chronic Ang II and aldosterone exposure can cause INS 
resistance through signaling via the Ang II type 1 (AT1) and the mineralocorticoid receptor, 
which is ameliorated, at least partially, by AT1 receptor (AT1R) and mineralocorticoid recep-
tor blockers  [4, 7, 9, 29–31] . Ang II, like INS  [6] , also has beneficial effects on the vasculature, 
such as vasodilation through increased NO production mediated by the Ang II type 2 recep-
tor (AT2R)  [4, 9] . For example, cardiac AT2R expression is increased in heart failure and 
serves to mediate beneficial compensatory protective effects  [9] . Attenuation of IRS-1 degra-
dation mediated by increased PP2A signaling may be an additional beneficial effect of AT2R 
signaling. Conversely, during chronic Ang II signaling in the cardiac adaptive/hypertrophic 
stage, AT1R is upregulated and causes excessive serine-threonine phosphorylation of IRS-1 
mediated by several kinases, while PP2A may exert a counterbalancing effect. 

  S6K1 phosphorylation and activation in the heart is primarily mediated by the mTOR-
Raptor complex 1 (mTORC1), and this complex is activated by multiple signals such as those 
from extracellular nutrients, increased Ang II, aldosterone, and sustained elevated INS levels 
 [4, 7–11, 32–35] . Accordingly, we have postulated that PP2A may be able to bind IRS-1 in a 
complex with mTORC1 and inhibit these effects mediated by S6K. Thus, PP2A may be as-
sociated with IRS-1 either through its SAIN domain or in a kinase-phosphatase-balancing 
complex (mTOR-Raptor scaffold-PP2A complex) and may prevent serine phosphorylation of 
IRS-1. We have explored this notion in cell culture studies.

  Materials and Methods 

 Cell Culture and Treatments and Generation of a Stable Cell Line Overexpressing GFP-Tagged IRS-1 
Protein 
 Murine HL-1 cardiomyocytes, provided by Dr. William Claycomb, were cultured in growth medium. 

After 72 h, the medium was replaced with starvation medium lacking fetal bovine serum and the cells 
were treated with norepinephrine to induce cell differentiation and prime the cells for response to treat-
ments. HL-1 cells were subsequently treated with various compounds over 10 h. Where indicated, pre-
treatments were done for 1 h before addition of the experimental compound. After this, cells were washed 
thrice in ice-cold DPBS buffer and collected by gentle scraping and centrifugation at 4   °   C for immuno-
blotting studies. For these experiments, frozen cell pellets were lysed with 1% NP-40-containing buffer 
supplemented with standard protease and phosphatase inhibitors. Protein amounts were equalized using 
BCA and loaded onto 4–20% gradient gels for SDS-PAGE, transferred to nitrocellulose or membranes, 
and probed with antibodies. For co-immunoprecipitation studies, cell lysates were incubated with aga-
rose-conjugated antibody, and resulting immune precipitates were probed. 

  Results 

 Co-immunoprecipitation showed a direct interaction of PP2A with IRS-1 in HL-1 car-
diomyocytes (data not shown). Specifically, endogenous PP2A was pulled down from cells 
using an antibody specific to the catalytic subunit, and the complex was probed with anti-
IRS-1 antibody. In cells treated for 10 h with 300 n M  INS or 100 n M  Ang II, there was a de-
creased association of IRS-1 with PP2A compared to control. Conversely, there was no change 
or a slight increase in PP2A-IRS-1 association upon overnight (10 h) treatment of cells with 
10 n M  rapamycin, an inhibitor of the mTORC1 complex. In addition, pre-incubation with an 
AT1R blocker prior to Ang II and pre-incubation with rapamycin prior to Ang II or INS treat-
ments increased the total amount of IRS-1 protein that co-immunoprecipitated with PP2A.

  Under chronic stimulation with INS or Ang II, mTOR co-immunoprecipitated with the 
PP2A catalytic subunit in a pull-down experiment using antibody to the catalytic subunit of 
PP2A. Most of the mTOR fraction that was associated with PP2A was dephosphorylated, 
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suggesting that mTOR dissociation from PP2A is a prerequisite to its phosphorylation. Ang 
II and INS increased the total cardiomyocyte cell protein phosphatase activity associated 
with PP2A. Treatment with an AT1R blocker maintained PP2A activity at basal levels. 

  Discussion 

 Resistance to metabolic signaling by INS in cardiovascular and renal tissue as well as 
classic sites of INS action is one of the cardinal features of the cardiorenal metabolic syn-
drome  [4–6, 10] . The protein levels and phosphorylation status of IRS-1 docking protein are 
critical determinants of INS metabolic signaling  [4–6] . IRS-1 is regulated by tyrosine as well 
as serine-threonine phosphorylation on its residues. Tyrosine phosphorylation of IRS-1 is 
necessary for downstream INS metabolic signaling and consequent increased glucose uptake 
in heart and skeletal muscle as well as increased NO production in endothelial cells  [4–6] . In 
contrast, serine-threonine phosphorylation of IRS-1 leads to the inhibition of INS signaling, 
INS resistance, and IRS-1 degradation. The mTOR/S6K1 signaling pathway is activated by 
overnutrition and hormones such as Ang II and aldosterone which promote IRS-1 serine 
phosphorylation and decreased INS metabolic signaling. 

  The scaffolding unit of protein phosphatase PP2A contains TOR repeats similar to 
mTOR and its scaffold Raptor, and has been hypothesized to mediate IRS-1 degradation 
through regulation of its activity by mTOR  [34–37] . These studies demonstrated that IRS-1 
was able to be precipitated (complexed) with Raptor in cultured cells. Since PP2A activation 
has been hypothesized to modulate IRS-1 degradation, this regulation of IRS-1 may partial-
ly be mediated by PP2A complexed with mTOR/Raptor. 

  The current data suggest that IRS-1 normally exists in a complex with PP2A, which may 
serve to protect IRS-1 against excessive serine phosphorylation and degradation. Sustained 

Table 1. D ata supporting a direct association of IRS-1 and mTOR with PP2A

1 Analysis of IRS-1 using motif prediction software (MOTIF, which encompasses 6 different 
databases including PROSITE, PFAM, and other databases) shows the presence of signatures 
corresponding to ankyrin-repeat motifs involved in protein-protein interactions. Such repeats are 
found in protein phosphatase PP1 regulatory subunits in cardiomyocytes.

2 PP2A has been shown to modulate potassium channels in cardiomyocytes through AT2R and 
glycogen synthase kinase (GSK-3) signaling.

3 Ang II has been shown to activate PP2A through AT2R signaling. 

4 The scaffolding unit of PP2A contains TOR repeats, which are similar to mTOR. 

5 IRS-1 co-immunoprecipitates with the mTOR scaffolding protein Raptor, and mTOR may 
modulate IRS-1 degradation via its complexing with PP2A.

6 Protein phosphatase PP2A activity can be inhibited by PI3K signaling in hepatocytes.

7 The putative mTOR direct phosphorylation (binding?) motif at serine 636/639 of IRS-1 is in a 
structurally ordered region of the protein (followed immediately by a short disordered region), 
which may allow stable binding of the mTOR-Raptor scaffold-PP2A scaffold complex.

8 The catalytic subunit of PP2A has been shown to bind alpha4 docking protein (the yeast TAP42 
homologue); mTOR is able to phosphorylate this complex and therefore inactivate it (unknown 
which component). This process restrains the phosphatases and their effects on S6K1 
phosphorylation/activation and capping protein 4E-BP. 
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INS and Ang II treatments were able to reduce the amount of IRS-1 protein that was com-
plexed with PP2A, and this was reversed by pre-treatments with an AT1R blocker and the 
mTORC1 inhibitor rapamycin. These data suggest that there is a protective role for PP2A to 
maintain IRS-1 protein and IRS-1 tyrosine phosphorylation in INS metabolic signaling. In 
the current study, there was negligible phosphorylation in the total pool of mTOR that pulled 
down with PP2A, indicating that PP2A may also be protective against mTOR/S6K1-mediat-
ed IRS-1 serine phosphorylation. Ang II and INS increased total cellular PP2A activity in 
cardiomyocytes, which was blocked by an AT1R blocker and partially inhibited by the 
mTORC1 inhibitor rapamycin. This may indicate a compensatory increase in phosphatase 
activity to counterbalance the excessive stimulation of serine kinases as a result of chronic 
exposure to excess Ang II and INS. In addition to our results, empirical data support our 
prediction of a direct constitutive association of IRS-1 with PP2A  [34–38]  ( table 1 ).

  Thus, cumulative data suggest that PP2A may directly interact with mTOR and/or Rap-
tor through its scaffold subunit, which contains HEAT (TOR) repeats similar to those in 
Raptor, and thus be associated with an IRS-1 complex in which mTOR may variably compete 
for direct binding on serine residues of IRS depending on its association with PP2A and the 
protein folding existing under different exogenous signals. The current data also support an 
important role for PP2A in influencing INS metabolic signaling. Previous studies showed 
that IRS-1 co-immunoprecipitates in a complex with the mTOR scaffold protein Raptor. Ac-
cordingly, PP2A activity serves to counterbalance the actions of mTOR/S6K1 signaling to 
promote degradation of IRS-1. Further studies are needed to understand the precise mecha-
nism underlying these complex interactions.
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