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Background: Regulation of insulin receptor substrate (IRS) 2 protein levels is crucial for glucose homeostasis.
Results: Elevated cAMP levels increase phosphorylation of serine 1137/1138 residues on IRS2 protein, which mediates its
binding to 14-3-3 proteins and enhances its stability.
Conclusion: Serine 1137/1138 are novel cAMP-dependent phosphorylation sites on IRS2 that regulate its protein degradation
via interaction with 14-3-3 proteins.
Significance: Novel cAMP-dependent mechanism to control IRS2 protein levels.

Insulin receptor substrate (IRS) 2 as intermediate docking
platform transduces the insulin/IGF-1 (insulin like growth fac-
tor 1) signal to intracellular effectormolecules that regulate glu-
cose homeostasis, �-cell growth, and survival. Previously, IRS2
has been identified as a 14-3-3 interaction protein. 14-3-3 pro-
teins can bind their target proteins via phosphorylated serine/
threonine residues located within distinct motifs. In this study
the binding of 14-3-3 to IRS2 upon stimulation with forskolin
or the cAMP analog 8-(4-chlorophenylthio)-cAMPwas demon-
strated in HEK293 cells. Binding was reduced with PKA inhibi-
tors H89 or Rp-8-Br-cAMPS. Phosphorylation of IRS2 on PKA
consensus motifs was induced by forskolin and the PKA activa-
tor N6-Phe-cAMP and prevented by both PKA inhibitors. The
amino acid region after position 952 on IRS2 was identified as
the 14-3-3 binding region byGST-14-3-3 pulldown assays.Mass
spectrometric analysis revealed serine 1137 and serine 1138 as
cAMP-dependent, potential PKA phosphorylation sites. Muta-
tion of serine 1137/1138 to alanine strongly reduced the cAMP-
dependent 14-3-3 binding. Application of cycloheximide
revealed that forskolin enhanced IRS2 protein stability in
HEK293 cells stably expressing IRS2 as well as in primary hepa-
tocytes. Stimulation with forskolin did not increase protein sta-
bility either in the presence of a 14-3-3 antagonist or in the dou-
ble 1137/1138 alanine mutant. Thus the reduced IRS2 protein
degradation was dependent on the interaction with 14-3-3 pro-
teins and the presence of serine 1137/1138. We present serine

1137/1138 as novel cAMP-dependent phosphorylation sites on
IRS2 and show their importance in 14-3-3 binding and IRS2
protein stability.

Insulin receptor substrate (IRS)2 2 belongs to the family of
insulin receptor substrates and serves as an intermediate dock-
ing platform to transmit the insulin and IGF-1 signal upon
ligand binding to intracellular effector molecules for the regu-
lation of glucose and lipid metabolism. Knock-out models have
shown the physiological importance of IRS2 for glucose home-
ostasis, �-cell growth, and survival (1–3). The dynamic regula-
tion of IRS2 protein levels in liver is important for the adapta-
tion of the glucose metabolism to fasting and refeeding,
whereas in pancreatic �-cells sufficient IRS2 protein levels are
crucial for growth and survival (4).�-Cell-specific expression of
IRS2 in IRS2 knock-out, obese, and streptozotocin-treated
mice prevented diabetes in these mice (5). Ligand-stimulated
autophosphorylation of tyrosine residues on insulin/IGF-1
receptors leads to their interaction with IRS proteins and other
Src homology domain 2 containing proteins such as the p85
regulatory subunit of PI 3-kinase or Grb2. Serine and threonine
residues on IRS2 can be phosphorylated by several kinases
including ERK, JNK, or glycogen synthase kinase 3 (6–9) and
this has been associated with a negative feedback control of
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insulin signaling (10, 11). The serine/threonine phosphoryla-
tion patterns of IRS proteins may also have stimulatory conse-
quences for insulin/IGF-1 signal transduction (12–14). An
importantmechanism to control insulin signaling at the level of
IRS2 is the regulation of IRS2mRNAand total protein amounts.
They are tightly regulated by fasting and refeeding (2, 7, 15).
Elevated cAMP levels are a major stimulus for increased
expression of IRS2 in the liver and pancreatic �-cell. IRS2 gene
activation is initiated by activation of CREB (cAMP response
element-binding protein) (16) through phosphorylation by
PKA (protein kinase A) with TORC2 (transducer of regulated
CREB activity 2) as an important co-activator for CREB-depen-
dent hepatic IRS2 expression (15). Insulin suppresses IRS2 pro-
tein expression by reducing the rate of transcription of the IRS2
gene (17) and induces post-translational modifications on the
IRS2 molecule itself, thus leading to proteasomal degradation
(18).
14-3-3 proteins are versatile regulators of a variety of intra-

cellular processes and participate in neuronal development and
control of cell cycle, cell growth, gene transcription, and apo-
ptosis. In mammals, 7 genes encode for the 7 14-3-3 isoforms
that are entitled with the Greek letters �, �, �, �, �, �, and � (19).
14-3-3 proteins can also be found in varying numbers in yeast,
plants, and other eukaryotes. A special feature is the high
sequence homology of all 14-3-3 proteins and the finding that
14-3-3 proteins from different species are interchangeable and
functionally redundant. Being synthesized as �30 kDa pro-
teins, 14-3-3 proteins form homo- and heterodimers with the
exception of 14-3-3�, which preferentially forms homodimers
(20). Each monomer shows a cup-like shape with a central
groove wherein the amino acids are strictly conserved (21). In
most of the reported cases, phosphorylation of a serine/threo-
nine residue within a 14-3-3 bindingmotif on a binding partner
is crucial for interaction with 14-3-3 proteins. Muslin et al. (22)
identified a putative motif for 14-3-3 binding (RSXpSXP, pS
indicates phosphorylated serine,X denotes any amino acid) and
showed that phosphorylated serine is crucial for recognition by
14-3-3. Further studies led to the nomination of two 14-3-3
binding motifs, namely mode I (RSXpSXP) andmode II (RX(Y/
F)pSXP) (23, 24). Nevertheless, in a few publications phosphor-
ylation-independent interaction of 14-3-3 proteins with bind-
ing partners has been described (25–27). This indicates
additional structural features of target proteins that can be
important for interaction with 14-3-3 proteins in certain cases.
14-3-3 proteins can bind one or two simultaneously phosphor-
ylated residues within one protein and binding can have several
consequences: obscuring a nearby binding/interaction motif,
thus modulating interaction of the target protein with other
binding partners (28), regulation of nuclear import/export
upon binding (29, 30), a conformational change that influences
the activity of the target protein (31), and acting as scaffold
protein to connect signaling pathways (32).
IRS2 and 14-3-3 have been shown to interact with each other

upon insulin and IGF-1 stimulation (33, 34). Here we identified
cAMP as a novel stimulus that triggered IRS2 and 14-3-3 inter-
action. Given the crucial role of IRS2 for glucose homeostasis
and �-cell survival and the manifold of regulatory functions

that can be exerted by 14-3-3 proteinswe set out to characterize
this interaction and its consequences further.

EXPERIMENTAL PROCEDURES

Materials—PKA substrate antibody (catalog number 9621),
�-actin antibody (4970), p-Thr-308 Akt/PKB antibody (9275),
p-Thr-202/p-Tyr-204 ERK antibody (9101), ERK1/2 protein
antibody (9102), and PD98059 (9900) were from Cell Signaling
Technology (Frankfurt, Germany) and p-Ser-157 VASP anti-
body (ab58555) was fromAbcam (Cambridge, UK). GFP (green
fluorescent protein) antibody (sc-8334) was from Santa Cruz
(Santa Cruz, CA) and Protein A-Sepharose (17-5280-04), Pro-
tein G-Sepharose (17-0618-01), glutathione-Sepharose 4B (17-
0756-01), and GST (glutathione S-transferase) antibody (27-
4577-01) from GE Healthcare Europe (Munich, Germany).
Recombinant human 14-3-3�-HRP (HRP-2669) was fromR&D
Systems (Minneapolis, MN) and IRS2 antibody (06-506 and
MABS15) from Millipore (Schwalbach, Germany). InSolu-
tionTM Akt Inhibitor VIII Akti-1/2 (124017), 14-3-3 antagonist
I (100081), and H89 (371963) were from Calbiochem
(Schwalbach, Germany) and forskolin (A2165) from Appli-
chem (Darmstadt, Germany). IGF-1 (I3769), EGF (E9644),
8-(4-chlorophenylthio) (CPT)-cAMP (C3912), and phospha-
tase inhibitors (sodium fluoride, sodium pyrophosphate,
sodium orthovanadate, and �-glycerophosphate) were from
Sigma. Polyethylenimine (24765) was from Polysciences
(Eppelheim, Germany). Akt/PKB protein antibody (610861)
was from BD Transduction Laboratories (Erembodegem, Bel-
gium).N6-Phe-cAMP (P006), 8-pCPT-2�-O-Me-cAMP (C041),
and Rp-8-Br-cAMPS (B001) were from BioLog (Bremen, Ger-
many). Flp-In HEK293 cells and 4–12% BisTris mini gels
(NP0321)were obtained from Invitrogen (Karlsruhe,Germany)
and GFP-Trap (gta-20) was from Chromotek (Martinsried,
Germany). HEK293 cells were from The European Collection
of Cell Cultures (Salisbury, UK) andMyc antibody andMyc-14-
3-3� expression vector was provided by Reiner Lammers (Uni-
versity Hospital Tuebingen, Tuebingen, Germany).
Plasmid Constructs—The coding region for mouse IRS2

(NM_001081212.1) was amplified from a pRK5 IRS2 vector
(kindly provided by M. F. White, Boston, MA) using primers
5�-gaggatccatggctagcgcgcccctgcctg-3� and 5�-ctgcggccgctc-
gagtcactctttcacgactgtggcttccttc-3�, cloned into vector pSC-B
(Stratagene) and sequenced. IRS2was subcloned from this plas-
mid into pcDNA5/FRT/TO-GFP as a BamHI/NotI insert to
give vector pcDNA5/FRT/TO-GFP-IRS2 in which IRS2 is
taggedwithGFP at theN terminus. For truncated IRS2 versions
containing the IRS2 sequence from amino acids 1–300 and
1–600 a stop codon was created after position 300 (sense,
5�-gagttccggcctcgctgaaagagtcagtcgtcc-3�; antisense, 5�-ggac-
gactgactctttcagcgaggccggaactc-3�) or 600 (sense, 5�-ctcat-
gagggccacctgatctggtagttcaggtc-3�; antisense, 5�-gacctgaactac-
cagatcaggtggccctcatgag-3�), respectively. For the constructs
301–1321 and 601–1321, a BamHI restriction site was created
prior to positions 301 and 601 and the obtained inserts were
ligated into pcDNA5/FRT/TO-GFP. The constructs men-
tioned so far were generated at the University of Dundee
(Dundee, UK). Construct GFP-IRS2-601-952 was generated
by creating a stop codon at position 952 and pcDNA5/
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FRT/TO-GFP-IRS2-601-1321 served as template. The following
constructs were generated with the Stratagene QuikChange XL
Site-directedMutagenesismethod (200522-5, Stratagene, La Jolla,
CA): GFP-IRS2-601-952, S1137A, S1138A, S1163A, and S1137/
S1138A, and verified by sequencing.
Cell Culture and Transfections—All cells were kept at 37 °C

with 5% CO2 and 95% humidity. Flp-In HEK293 and HEK293
cells were cultivated in DMEM containing 4.5 g/liter of glucose
(BE12–741F, Lonza, Cologne, Germany) supplemented with
10% FBS (SV30160.03, HyClone, Thermo Fisher Scientific,
Schwerte, Germany), 1% glutamine, 100 units/ml of penicillin,
and 100 units/ml of streptomycin (DE17–602E, Lonza,
Cologne, Germany). Flp-In HEK293 cells were stably trans-
fected by the calcium phosphate method (35) and positive
clones were selected with hygromycin B, whereas HEK293 cells
were transiently transfected using polyethylenimine in 25 mM

HEPES. 45 h after transfection cells were serum starved for 3 h
and incubated with various substances, as described in detail
under “Results” and in the figure legends.
Cell Lysis, GFP Pulldown,Myc Co-immunoprecipitation, and

Western Blotting—Cell lysis took place in lysis buffer consisting
of 50 mM HEPES, 150 mM NaCl, 1.5 mM MgCl2, 1 mM EDTA,
10% glycerol, 1% Triton X-100, set to pH 7.5, containing phos-
phatase inhibitors (1mM sodium fluoride, 0.5mM sodiumpyro-
phosphate, 1 mM sodium orthovanadate, 1 mM �-glycerophos-
phate). Centrifugation of lysates at 16,000 � g for 5 min at 4 °C
was followed by protein determination (Bio-Rad Protein
Assay). Tominimize unspecific binding lysates were precleared
with Protein A-Sepharose for 30 min before incubation with
GFP-Trap for 2 h at 4 °C. Beads were washed twice with high
salt buffer (50mMTris, pH 7.5, 150mMNaCl) and twicewith no
salt buffer (50 mM Tris, pH 7.5, 1 mM EGTA, 0.1% mercapto-
ethanol) before denaturation. If not indicated otherwise, all the
samples were separated on 7.5% SDS gels and proteins were
transferred onto nitrocellulose membranes by semi-dry West-
ern blot. For co-immunoprecipitation experiments, lysates
were incubated with Myc antibody and Protein G-Sepharose
for 2 h at 4 °C, washed two times with lysis buffer and separated
on 5–15% SDS gels followed by Western blotting. Western
blotting and visualization of proteins was performed using
enhanced chemiluminescence (ECL) as described in Ref. 36.
Overlay Assay—Overlay assay was used to visualize interac-

tion of 14-3-3 with target proteins. Membranes were blocked
with 5% milk in TBS-T (25 mM Tris, pH 7.4, 0.15 M NaCl, 0.1%
Tween 20) for 1 h at room temperature. Overnight incubation
at 4 °C with recombinant 14-3-3�-HRP was followed by wash-
ing 5 times with TBS-T and detection using ECL.
Isolation and Maintenance of Primary Mouse Hepatocytes—

14-Week-old male C57Bl/6 mice were anesthetized and the
portal vein was catheterized. Liver was perfused with Krebs-
Henseleit buffer I (115mMNaCl, 25 mMNaHCO3, 5.9 mMKCl,
1.18 mMMgCl2, 1.23 mMNaH2PO4, 1.195 mMNa2SO4, 0.5 mM

EGTA, 20 mM HEPES, pH 7.4) and subsequently with Krebs-
Henseleit buffer II (115mMNaCl, 25mMNaHCO3, 5.9mMKCl,
1.18 mMMgCl2, 1.23 mMNaH2PO4, 1.195 mMNa2SO4, 2.5 mM

CaCl2, 20 mMHEPES, pH 7.2) containing 1mg/ml of Collagen-
ase II (Biochrom, Berlin, Germany). Isolated hepatocytes were
washed and counted with Trypan Blue. 5 � 105 cells were cul-

tivated in hepatocyte maintenance medium with supplements
(Provitro, Berlin, Germany) and seeded on 6-well plates pre-
coated with Collagen R (Serva, Heidelberg, Germany). 24 h
after isolation cells were serum starved overnight and stimu-
lated as indicated under “Results” and in the figure legends. All
procedures were approved by the local Animal Care and Use
committee.
GST-14-3-3 Fusion Protein Expression and GST Pulldown—

GST-14-3-3� and -� were a gift from Dr. Angelika Hausser
(University of Stuttgart) and propagated in Escherichia coli.
Expression was induced by adding 1 mM isopropyl �-D-1-thio-
galactopyranoside for 5 h and cells were harvested by centrifu-
gation for 15 min at 4500 � g at 4 °C. 40 strokes with a probe-
type sonicater were followed by addition of Triton X-100 to a
final concentration of 1% and centrifugation for 20 min at
4500� g at 4 °C. TheGST-14-3-3 fusion proteins were coupled
to glutathione-Sepharose 4B and the amount of GST-14-3-3
was determined by SDS-PAGE and subsequent Coomassie
staining. Lysates were incubated with 2 �g of GST-14-3-3 for
2 h in lysis buffer at 4 °C and washed three times with lysis
buffer before denaturation. Centrifugation betweenwasheswas
carried out at 1100 � g for 1 min at 4 °C.
Sample Preparation for Mass Spectrometry—HEK293 cells

were seeded at a density of 7 � 106 cells onto 15-cm diameter
cell culture dishes and transfected 24 h later with 10 �g of
DNA/plate using 80 �g of polyethylenimine/plate. 45 h later,
cells were serum starved and incubated for 30 min with 20 �M

forskolin alone or after preincubation with 30 �M H89 for 30
min. Cells were lysed with 900 �l of lysis buffer, after which
GFP-IRS2 was purified from 5 mg of precleared total protein
using GFP-Trap. Prior to LC-MS/MS analysis, samples were
separated on 4–12% BisTris gels and after Coomassie staining
bands corresponding to IRS2 were cut and subjected to tryptic
proteolysis as described by Gloeckner et al. (37). Resulting pep-
tides were separated using the UltiMate 3000 nano-HPLC sys-
tem. Theywere eluted from the trap column onto the analytical
column (Acclaim PepMap RSLC 75 �l � 25-cm C18 2-�m 100
Å) by applying an acetonitrile gradient of 2 to 35% of eluent
(80% acetonitrile, 0.08% formic acid) for 33 min. The eluted
peptides were analyzed by mass spectrometry (LTQ Orbitrap
Velos, Thermo Fisher Scientific). Mass spectra were extracted
by Mascot Daemon without charge state deconvolution and
de-isotoping and the results were analyzed using Mascot
(Matrix Science version 2.3.0, Boston, MA). Because mouse
IRS2 was transfected, Mascot was set up to search the Mus
musculus subset of the SwissProt database (release 2011_12,
533657 entries) assuming trypsin as the digestion enzyme.Mas-
cot was searched with a fragment ion mass tolerance of 1 Da
and a parent ion tolerance of 10 ppm.Oxidation ofmethionine,
deamidation of asparagines and glutamine, and phosphoryla-
tion of serine, threonine, and tyrosine were specified inMascot
as variable modifications. Carbamidomethylation of cysteine
was specified as a fixed modification. The Mascot result files
were loaded into Scaffold software (Scaffold version 3.3.1, Pro-
teome Software Inc., Portland, OR) to validate MS/MS-based
peptide identifications. Peptide identifications were accepted if
they could be established at a probability greater than 80%, as
specified by the Mascot Daemon. Further analysis of the
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MS/MS data with regard to post-translational modifications
was performed using the Proteome Discoverer software (ver-
sion 1.3, Thermo Fisher Scientific) and Skyline (version 1.2)
(38).
Statistical Analysis—Statistical analysis was performed with

JMP 10.0.0 (SAS Institute Inc., NC) and data are presented as
mean � S.E. t test was employed to test for significant differ-
ences between groups and a result was considered significant if
p � 0.05.

RESULTS

Elevated cAMP Levels Enable 14-3-3 Binding to IRS2 in a
PKA-dependent Manner—Dubois et al. (34) reported an inter-
action of IRS2 with 14-3-3 proteins upon activation of the PI
3-kinase pathway by IGF-1 stimulation in HEK293 cells. We
tested if other intracellular pathways can mediate 14-3-3 bind-
ing to IRS2 inHEK293 cells expressing GFP-IRS2. The adenylyl
cyclase activator forskolin increased binding of 14-3-3 to IRS2
as shown by an overlay assay (Fig. 1A). Dependence of the IRS2/
14-3-3 interaction on elevated cAMP levels was also shown
with the cell-permeable cAMP analog CPT-cAMP (Fig. 1B).
The interaction was completely abrogated with the PKA inhib-
itor H89 (Fig. 1, A and B) or reduced to basal levels with the
specific PKA inhibitor Rp-8-Br-cAMPS (Fig. 1C). These data
suggest the involvement of a PKA-mediated phosphorylation of
IRS2 for its interaction with 14-3-3 proteins. PKA-dependent
phosphorylation of IRS2was studiedwith a PKA substrate anti-
body in HEK293 cells expressing GFP-IRS2 after GFP pull-
down. Forskolin induced the phosphorylation of IRS2 (Fig. 1,
D–F). Successful stimulation with forskolin was shown by
phosphorylation of Ser-157 of vasodilator-stimulated protein
(VASP) (Fig. 1, D and E). Elevated cAMP levels cannot only
enhance phosphorylation of IRS2 via PKA, but can also involve
exchange proteins directly activated by cAMP (EPAC) and
downstream kinases ERK, Akt/PKB, and p90 ribosomal S6
kinase (RSK). Moreover, the PKA substrate antibody used rec-
ognizes a consensus site that partially overlaps with other argi-
nine-directed kinases such asAkt/PKB andRSK. Therefore, the
putative involvement of these kinases was studied. Stimulation
with EGF (epidermal growth factor) as an activator of the ERK
pathway did not lead to phosphorylation of any of the sites
recognized by the PKA substrate antibody (Fig. 1D). Successful
EGF stimulation was confirmed by checking the phosphoryla-
tion status of ERK. Pretreatment with the MEK1 inhibitor
PD98059 before forskolin treatment did not influence cAMP-
dependent phosphorylation of PKA sites on IRS2 (Fig. 1D).
Next, cells were treated with IGF-1 and the Akt/PKB inhibitor
Akti. Successful IGF-1 stimulation was confirmed by checking
the phosphorylation of threonine 308 of Akt/PKB. However,
the stimulation by IGF-1 did not lead to phosphorylation of any
of the sites recognized by the PKA substrate antibody (Fig. 1E).
Furthermore, we tested the direct PKA activator N6-Phe-
cAMP. Stimulation of the cells with this compound increased
the phosphorylation of IRS2, whereas the EPAC activator
8-pCPT-2�-O-Me-cAMP did not increase the phosphorylation
to a similar extend (Fig. 1F). The use of the specific PKA inhib-
itor Rp-8-Br-cAMPS prevented the phosphorylation (Fig. 1, F
and G). These results indicate that elevated cAMP levels via

activation of PKA lead to phosphorylation of IRS2 and interac-
tion between IRS2 and 14-3-3. Furthermore, phosphorylation
of IRS2 on PKA sites was detected in primary hepatocytes after
forskolin stimulation, which was prevented by H89 pretreat-
ment (Fig. 1H).
Identification of the cAMP-dependent 14-3-3 Binding Region

on IRS2—Fragments spanning different regions of the IRS2
protein were generated. The two fragments GFP-IRS2-(1–300)
and GFP-IRS2-(1–600) encompass the front part of the IRS2
molecule including the pleckstrin homology and the phospho-
tyrosine binding domains. The two fragments GFP-IRS2-(301–
1321) andGFP-IRS2-(601–1321) comprise the rear part of IRS2
with the kinase regulatory loop binding domain (Fig. 2A).
HEK293 cells were transiently transfected with wild type IRS2
and IRS2 fragments and treated with forskolin and H89. Phos-
phorylation of PKA sites was tested after GFP pulldown (Fig.
2B). The antibody detected PKA phosphorylation sites on IRS2
wild type and fragments GFP-IRS2-(301–1321) and GFP-IRS2-
(601–1321) after forskolin stimulation that were not detectable
when cells were pretreatedwithH89.No signal was detected on
fragments GFP-IRS2-(1–300) and GFP-IRS2-(1–600). Frag-
ment GFP-IRS2-(601–952) was generated to further narrow
down the area for forskolin-dependent phosphorylation of
IRS2. Because the PKA substrate antibody did not detect any
signals from this fragment we assumed that the PKAphosphor-
ylation sites on IRS2 were located after amino acid position 952
(Fig. 2C). To test if the fragments containing PKA phosphor-
ylation sites were also able to interact with 14-3-3 proteins,
pulldown experiments with a GST-14-3-3 fusion protein were
performed (Fig. 2D). IRS2 wild type protein interacted only in
the forskolin-stimulated samplewithGST-14-3-3�. GFP-IRS2-
(301–1321) and GFP-IRS2-(601–1321) also showed strong
interaction with GST-14-3-3� in the forskolin-stimulated con-
dition, and only minimal interaction in the unstimulated or
H89 pretreated condition. No interaction between fragment
GFP-IRS2-(601–952) and GST-14-3-3� could be detected.
Incubation with the PKA substrate antibody confirmed the
presence of PKA phosphorylation sites on wild type IRS2 and
IRS2 fragments 301–1321 and 601–1321. Therefore we con-
cluded that PKA phosphorylation sites on IRS2 that mediate
interaction with 14-3-3 were located after amino acid position
952.
Mass Spectrometric Identification of Potential PKAPhosphor-

ylation and 14-3-3 Binding Sites—We applied mass spectrom-
etry to identify possible candidates for PKA phosphorylation of
IRS2.HEK293 cells were transiently transfectedwithGFP-IRS2
and treated with forskolin and H89. GFP-IRS2 was captured
from cell lysates and after Coomassie staining, bands corre-
sponding toGFP-IRS2were cut and prepared formass spectro-
metric analysis. This experiment was performed three times
and only sites that matched the following criteria were consid-
ered for further testing: (i) present in all three replicates in the
forskolin-stimulated sample and not present in the H89 pre-
treated sample, (ii) matched the consensus sequence for PKA
(RXXpS), and (iii) matched a 14-3-3 binding motif (mode I,
RSXpS/pTXP; mode II, RX(F/Y)XpS/pTXP). From that evalua-
tion three candidates emerged: serine 1137, serine 1138, and
serine 1163, depictedwith their surrounding amino acids in Fig.
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3A. Of note, phosphorylated serine 1137 and serine 1138 could
be found in tryptic peptides as single phosphorylated residues
but also doubly phosphorylated peptides were detectable as
shown in Fig. 3B. Serine 1137 (GRRRHS1137SETFSS) and serine
1138 (GRRRHSS1138ETFSS) could probably compensate for
each other, because in the case of substitution of either residue

with an alanine there would still be the same PKA recognition
motif present. Therefore, not only were the single residues
mutated to alanine but an additional double mutant S1137A/
S1138A was also generated. Transient expression of GFP,
GFP-IRS2, GFP-IRS2-S1137A, GFP-IRS2-S1138A, GFP-IRS2-
S1163A, or GFP-IRS2-S1137A/S1138A in HEK293 cells was

FIGURE 1. 14-3-3 interacts with IRS2 upon elevated cAMP levels and PKA phosphorylates IRS2. A, HEK293 cells were transiently transfected with GFP-IRS2.
Cells were incubated for 30 min with 20 �M forskolin alone or after preincubation with 30 �M H89 for 30 min. 100 �g of protein was used for GFP pulldown.
14-3-3 binding was visualized by performing an overlay assay and the membrane was stripped and reprobed for GFP-IRS2 as expression and loading control.
Densitometric analysis of 14-3-3 binding is shown as band intensities normalized for GFP-IRS2. GFP-IRS2 treated with forskolin was set as 1 (mean � S.E., n �
3, *, p � 0.05, forskolin versus unstimulated; #, �0.05, forskolin versus H89). B, cells were stimulated with 100 �M CPT-cAMP for 30 min or after preincubation with
30 �M H89 for 30 min. 200 �g of protein was used for GFP pulldown. GFP-IRS2 treated with CPT-cAMP was set as 1 (mean � S.E., n � 3, *, p � 0.05, CPT-cAMP
versus unstimulated; #, �0.05, CPT-cAMP versus H89). C, cells were incubated for 30 min with 20 �M forskolin alone or after preincubation with 100 �M

Rp-8-Br-cAMPS for 30 min. 400 �g of protein was used for GFP pulldown. GFP-IRS2 treated with forskolin was set as 1 (mean � S.E., n � 3, *, p � 0.05, forskolin
versus unstimulated; #, �0.05, forskolin versus Rp-8-Br-cAMPS). D and E, GFP-IRS2 was transiently expressed in HEK293 cells and cells were incubated for 30 min
with 1 �M Akt inhibitor VIII Akti 1/2 (Akti), 20 �M forskolin, 50 ng/ml of IGF-1, 50 �M PD98059, and 100 ng/ml of EGF as indicated. 200 �g of total protein was used
for GFP pulldown. Membrane was incubated with PKA substrate antibody. Phosphorylation of serine 157 of VASP was assessed as forskolin stimulation control,
phosphorylation of threonine 308 of Akt/PKB as IGF-1 stimulation control, whereas phosphorylation of threonine 202/tyrosine 204 of ERK was checked as
control for successful EGF stimulation. Corresponding IRS2, Akt/PKB, and ERK reblots are also shown (n � 3). F and G, GFP-IRS2 was expressed transiently in
HEK293 cells. Cells were incubated with the following reagents for 30 min: 100 �M N6-Phe-cAMP, 100 �M 8-pCPT-2�-O-Me-cAMP, 100 �M Rp-8-Br-cAMPS or 20
�M forskolin. 400 �g of protein was used for GFP pulldown. Membrane was incubated with PKA substrate antibody, after which it was stripped and reprobed
with IRS2 antibody (n � 3). H, primary hepatocytes were incubated with 20 �M forskolin alone or after preincubation with 30 �M H89 for 30 min, respectively.
100 �g of protein was separated on SDS gel and membranes were incubated with PKA substrate antibody, phosphoserine 157 VASP antibody, or �-actin
antibody. PKA substrate antibody membrane was stripped and reprobed with IRS2 antibody (n � 3).
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followed by stimulationwith forskolin andH89 and subsequent
GFP pulldown. The PKA substrate antibody only detected sig-
nals in the forskolin-treated samples of GFP-IRS2 and GFP-
IRS2-S1163A (Fig. 3C). This result argued against serine 1163
as a PKA phosphorylation site and argued for serine 1137 and
serine 1138 as PKA phosphorylation sites on IRS2. Due to the
detection of peptides phosphorylated on both serine residues
1137 and 1138 and the PKA consensus site still present in the
single mutants, the double mutant GFP-IRS2-S1137A/S1138A
was used for further studies. Sequence alignments of IRS2 pro-
tein sequences from human, mouse, rat, and frog revealed
sequence conservation of these potential PKA phosphorylation
sites (Fig. 3D).

Mutation of Serine 1137/1138 on IRS2 Reduces Interaction
with 14-3-3—If serine 1137 and serine 1138 are important for
cAMP-mediated interaction with 14-3-3 proteins, mutation of
these sites should reduce this interaction. This hypothesis was
tested by stimulating cells that transiently expressed GFP-IRS2
and GFP-IRS2-S1137A/S1138A with forskolin. GST pulldown
experiments revealed that wild type IRS2 interacted slightly
with both GST-14-3-3� and GST-14-3-3� fusion proteins in
the serum-starved condition, which might be due to the
detected weak basal phosphorylation on PKA motifs or other
sites (Fig. 4A). Forskolin stimulation increased the interaction,
and treatment of cells with H89 prior to forskolin stimulation
completely abolished it. The double mutant showed no inter-

FIGURE 2. Site(s) for PKA phosphorylation on IRS2 are located after amino acid position 952. A, schematic illustration of IRS2 and IRS2 fragments. Five
fragments spanning different regions of the IRS2 protein were generated according to mouse numbering: GFP-IRS2-(1–300), GFP-IRS2-(1– 600), GFP-IRS2-
(301–1321), GFP-IRS2-(601–1321), and GFP-IRS2-(601–952). All constructs were GFP tagged at the N terminus. B and C, HEK293 cells were transiently trans-
fected with GFP-IRS2, GFP-IRS2-(1–300), GFP-IRS2-(1– 600), GFP-IRS2-(301–1321), GFP-IRS2-(601–1321), or GFP-IRS2-(601–952). Cells were incubated for 30 min
with 20 �M forskolin alone or after preincubation with 30 �M H89 for 30 min. 100 –200 �g of protein was used for GFP pulldown and after separation on 5–15%
SDS gels and Western blotting, the membrane was incubated with PKA substrate antibody. Stripping and reprobing with GFP antibody as expression and
loading control is also shown (n � 3). D, GFP-IRS2, GFP-IRS2-(301–1321), GFP-IRS2-(601–1321), and GFP-IRS2-(601–952) were transiently expressed in HEK293
cells. Stimulation was carried out with 20 �M forskolin for 30 min or 30 �M H89 for 30 min prior forskolin stimulation. Lysate containing 250 �g of total protein
was incubated with 2 �g of GST-14-3-3� for 2 h and samples were separated by SDS-PAGE. Transfer onto nitrocellulose membranes followed by incubation
with GFP antibody to visualize the amount of protein that interacted with GST-14-3-3 and with GST to ensure equal pulldown and loading. Incubation with PKA
substrate antibody was carried out to visualize phosphorylation of PKA motifs (n � 3).
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action with GST-14-3-3� in the basal condition and a minor
interaction with GST-14-3-3�. There was also an interaction
detectable in the forskolin-treated samples, but the extent was
significantly less in comparison to wild type IRS2 (Fig. 4B). To
further confirm these results we performed co-immunopre-
cipitation assays, where HEK293 cells were transiently trans-
fected with GFP-IRS2 or GFP-IRS2-S1137A/S1138A in addi-
tion with Myc-tagged 14-3-3�. Similar to the GST pulldown
assays, the immunoprecipitation of Myc-14-3-3� revealed a
clear reduction of the binding of the double mutant when com-
pared with GFP-IRS2 (Fig. 4, C andD). The regulation of bind-
ing by forskolin and H89 was less pronounced when compared
with the GST pulldown experiments. Taken together, the data

show that serine 1137/1138 are important for the PKA-medi-
ated interaction between IRS2 and 14-3-3.
Stimulation with Forskolin Prevents Protein Degradation of

IRS2—A strong effect of elevated cAMP levels on the IRS2 pro-
tein amount via transcriptional activation has already been
established (16). Based on our results we hypothesized addi-
tional effects of cAMP, namely on IRS2 protein stability.
HEK293 cells stably expressing IRS2 were generated, because
stable transfection provides the advantage of a continuous
expression of the desired protein at considerably lower levels
than in transiently transfected cells, thus preventing an obscur-
ing of IRS2 protein half-life due to permanently high expression
levels. To visualize IRS2 protein degradation cells were incu-

FIGURE 3. Mass spectrometry identifies three candidate residues in IRS2 for phosphorylation by PKA. A, sequences surrounding the potential PKA
phosphorylation sites serine 1137, serine 1138, and serine 1163 are shown according to IRS2 mouse numbering. B, MS/MS analysis of a tryptic peptide with the
parent mass (M�3H) � 951.4145 revealed a mass spectrum consisting of single- and double-charged fragment masses (preferably ions most relevant to
phosphorylation sites are annotated) matching the doubly phosphorylated IRS2-peptide sequence RHpSpSETFSSTTTVTPVSPSFAHNSK. C, HEK293 cells were
transiently transfected with GFP, GFP-IRS2, GFP-IRS2-S1137A, GFP-IRS2-S1138A, GFP-IRS2-S1163A, or GFP-IRS2-S1137A/S1138A. Cells were stimulated with 20
�M forskolin for 30 min alone or after pretreatment with 30 �M H89 for 30 min. GFP pulldown assay was performed with 200 �g of total protein and after
SDS-PAGE and Western blotting the membrane was incubated with PKA substrate antibody. The corresponding blot reprobed with IRS2 antibody is also
shown (n � 3). D, amino acid areas surrounding serine 1137 and serine 1138 from IRS2 in different species are shown: Homo sapiens (NP_003740.2), Mus
musculus (NP_001074681.1), Rattus norvegicus (NP_001162104.1), and Xenopus laevis (AAH72768.1).
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bated with cycloheximide to inhibit protein translation. After 3
and 6 h of incubation, IRS2 protein content was reduced by
80%. Concomitant incubation with forskolin reduced the IRS2
protein content only by about 25% (Fig. 5, A and B). Compara-
ble results were also obtained in primary hepatocytes (Fig. 5C).
14-3-3 and Serine 1137/1138 Are Important for IRS2 Protein

Stability—For clarification ofwhether 14-3-3 binding to IRS2 is
important for its stability, a dipeptidyl-phosphoserine com-
pound was used (39). It binds to endogenous 14-3-3 proteins,
thereby disrupting its binding to target proteins. Treatment of
cells with cycloheximide, forskolin, and the 14-3-3 antagonist
in parallel abolished the increased IRS2 protein stability that
was observed after incubation with cycloheximide and forsko-
lin alone (Fig. 6, A and B). The involvement of the identified
PKA phosphorylation sites of serine 1137/1138 in IRS2 protein
stability was also tested. GFP-IRS2 stably expressed in Flp-In
HEK293 cells showed increased protein stability upon stimula-
tion with forskolin compared with the S1137A/S1138Amutant

(Fig. 6, C and D). Thus, the presence of phosphorylated serine
1137/1138 and the interactionwith 14-3-3 proteins is necessary
for cAMP-dependent IRS2 protein stability.

DISCUSSION

An increasing number of studies have shown the importance
of 14-3-3 proteins in controlling cellular processes like cell
cycle, cell growth, gene transcription, and apoptosis as
reviewed in Refs. 40–43. IRS proteins and IRS1 and IRS2 in
particular serve as intracellular docking and adapter molecules
that integrate stimuli from different cellular pathways. Our
results provide clear evidence that IRS2 and 14-3-3 are binding
partners under conditions of increased cAMP levels. The bind-
ing is at least partially mediated via PKA-dependent phosphor-
ylation of IRS2 on serine 1137/1138 and enhances IRS2 protein
stability. The binding of 14-3-3 proteins to IRS2 has been
shown by Ogihara et al. (33) in Sf9 cells and can also be regu-
lated by an IGF-1/insulin-dependent pathway (34, 44). Nowwe

FIGURE 4. Mutation of serine 1137/1138 of IRS2 significantly reduces interaction with 14-3-3. A, GFP-IRS2 and GFP-IRS2-S1137A/S1138A were transiently
expressed in HEK293 cells and stimulated for 30 min with 20 �M forskolin alone or after preincubation with 30 �M H89 for 30 min. Lysates containing 250 �g
of total protein were incubated with 2 �g of GST-14-3-3� or GST-14-3-3� for 2 h, after which they were separated by SDS-PAGE. Transfer onto nitrocellulose
membranes was followed by incubation with GFP antibody to visualize the amount of protein that interacted with GST-14-3-3, with PKA substrate antibody
and with GST antibody to ensure equal pulldown and loading. B, densitometric analysis of pulldown with GST-14-3-3�. GFP signal intensities were normalized
to GST and GFP-IRS2 stimulated with forskolin was set as 1 (mean � S.E., n � 3, *, p � 0.05 GFP-IRS2 forskolin versus GFP-IRS2-S1137A/S1138A forskolin-treated.
C, HEK293 cells were transiently co-transfected with GFP-IRS2 and Myc-14-3-3� or GFP-IRS2-S1137A/S1138A and Myc-14-3-3�, and incubated for 30 min with
20 �M forskolin alone or after pretreatment with 30 �M H89 for 30 min. Lysates containing 200 �g of protein were incubated with Myc antibody and Protein
G-Sepharose for 3 h at 4 °C. Samples were separated on 5–15% SDS gels and after Western blotting, the membranes were incubated with GFP antibody, PKA
substrate antibody and Myc antibody. D, densitometric analysis of co-immunoprecipitated GFP. Band intensities were normalized for Myc and GFP-IRS2
treated with forskolin was set as 1 (mean � S.E., n � 3, *, p � 0.05, GFP-IRS2 forskolin versus GFP-IRS2-S1137A/S1138A forskolin-treated).
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could demonstrate a second, IGF-1/insulin-independent regu-
latory mechanism induced by elevated cAMP levels.
Our results indicate that the cAMP-activated phosphoryla-

tion of IRS2 involves PKA. Elevated cAMP levels can also acti-
vate EPAC (45, 46) and as downstream kinases ERK, RSK, and
Akt/PKB (47). Application of different activators and inhibitors
of the above mentioned targets revealed that PKA is the major
kinase responsible for the phosphorylation of IRS2 upon cAMP
stimulation in our system. The activators of EPAC, ERK, and
Akt/PKB did not lead to phosphorylation of IRS2 on PKA sites,
whereas the PKA activator did. Inhibitors of Akt/PKB or ERK
had no effect on forskolin-stimulated IRS2 phosphorylation,
but H89 and the PKA inhibitor Rp-8-Br-cAMPS prevented
phosphorylation and the increased binding of IRS2 to 14-3-3
proteins. Taken together, these results provide clear indications
of involvement of the cAMP-PKA pathway as mediator of IRS2
phosphorylation and binding of 14-3-3 proteins. The inhibitor
H89 is very effective in reducing the interaction of IRS2 and
14-3-3 below basal levels. It does not solely inhibit PKA, but can
also inhibit MSK1, S6K1, or ROCK-II with a similar potency
(48). Therefore it is possible that other pathways regulated by
H89 can modulate the IRS2/14-3-3 interaction.
Mass spectrometric analysis and serine to alanine mutants

led to the identification of serine 1137 and serine 1138 as PKA
phosphorylation sites. Because peptides phosphorylated on
both residues 1137 and 1138 at the same time were detected
and the single mutation of either serine 1137 (RRHA1137SETF)
and serine 1138 (RRHSA1138ETF) still resulted in a PKA phos-
phorylation motif (RXXpS) we performed the subsequent
experiments with the double GFP-IRS2-S1137A/S1138A
mutant. Yi et al. (49) found in a previous report that the homo-
logue positions serine 1100 and 1101 in human IRS1 are phos-
phorylated by PKA in an in vitro kinase assay using expressed
GST-IRS1 fusion proteins followed byHPLC-ESI-MS/MS. Due

to the lack of additional definitive spectra the authors could not
clearly state if only serine 1100 or serine 1101 was phosphory-
lated or if a doubly phosphorylated peptide was present. These
earlier findings of Yi et al. (49) further support the idea of PKA
as a kinase to phosphorylate these residues in IRS1 and IRS2.
According to our data serine 1137/1138 seem to be the pre-

dominant cAMP-dependent phosphorylation sites on the IRS2
molecule that are located in a PKA motif and can mediate
cAMP-induced 14-3-3 binding to IRS2. The importance of ser-
ine 1137/1138 was verified by three different experimental
approaches: overlay assay, GST pulldown, and co-immunopre-
cipitation of the transfected Myc-14-3-3 protein. In some
experiments interaction between GFP-IRS2 wild type and
14-3-3 fusion proteins could also be found at basal conditions,
whereas pretreatment with H89 always reduced the interaction
below basal levels. This indicates the existence of further 14-3-3
binding sites on IRS2 that are phosphorylated at basal condi-
tions. These sites could be phosphorylated for example, by
other arginine-directed kinases. This would also explain the
weak interaction that could be observed between 14-3-3 fusion
proteins and the double mutant S1137A/S1138A.
We could show in Flp-In HEK293 cells stably expressing

either IRS2 or GFP-IRS2 and also in primary hepatocytes that
the half-life of the IRS2 protein was increased when cells were
stimulated with forskolin. Serine 1137/1138 proved to be cru-
cial for this increased stability, because a double GFP-IRS2-
S1137A/S1138Amutant did not show increased protein stabil-
ity during forskolin stimulation. Based on the present data we
hypothesize that phosphorylation on serine 1137/1138 is nec-
essary for both, the cAMP-enhanced binding to 14-3-3 proteins
and the stabilization of the protein. The use of a 14-3-3 antag-
onist supports the proposed molecular mechanism of cAMP/
PKA-dependent IRS2 protein stabilization. Cells stably
expressing GFP-IRS2 showed no increased IRS2 protein stabil-

FIGURE 5. Forskolin prevents protein degradation of IRS2. A, Flp-In HEK293 cells stably expressing IRS2 were incubated with 25 �g/ml of cycloheximide
(CHX) alone or in combination with 20 �M forskolin (FSK) for 1, 3, and 6 h. 10 �g of protein was separated and membranes were incubated with antibodies
against IRS2, phosphorylated serine 157 of VASP as stimulation control and �-actin as loading control. B, densitometric analysis of IRS2 protein bands. IRS2
content was normalized for �-actin and IRS2 from untreated cells was set as 100% (mean � S.E., n � 8, *, p � 0.05 cycloheximide (open squares) versus
cycloheximide/forskolin-treated (filled squares)). C, hepatocytes were isolated from male C57Bl/6 mice, plated onto 6-well plates, treated as described in A and
100 �g of protein was analyzed (n � 3).
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ity when treated with a 14-3-3 antagonist prior to and during
the forskolin stimulation. Other groups also reported increased
protein stability associatedwith 14-3-3 binding. Short et al. (50)

showedanAMP-activatedproteinkinase-dependentphosphor-
ylation of threonine 197 in p27, which increased its 14-3-3
binding and protein half-life. The histone deacetylase HDAC7
was associated with 14-3-3 proteins upon phosphorylation by
calcium/calmodulin-dependent kinases, thus preventing its
ubiquitination and subsequent degradation via the 26 S protea-
some (51). Finally, Yang et al. (52) provided evidence for 14-3-
3�-dependent stabilization of the cell cycle checkpoint protein
p53. 14-3-3 binding blocked Mdm2-dependent ubiquitination
and nuclear export of p53.
The amount of IRS2 protein present in cells is dependent on

mRNA expression and protein stability (2). The stability of the
IRS2 protein is regulated by post-translational modifications
that mark the molecule for ubiquitination and subsequent pro-
teasomal degradation (18, 53). To mark a protein for protea-
somal degradation three classes of enzymes are needed: ubiq-
uitin-activating enzyme, ubiquitin-conjugating enzyme, and
ubiquitin ligase (54). In addition, post-translational modifica-
tions of IRS2 can lead to a pronounced reduction in the electro-
phoretic mobility of IRS2 suggesting an increased molecular
weight. For example, in refed mice reduced electrophoretic
mobility of hepatic IRS2 has been observed by our group (7) and
others (2), which are at least partially due to hyperphosphory-
lation of the IRS2 protein, but ubiquitination might also be
involved. In our experiments, cells were incubated with cyclo-
heximide and a shift of IRS2 was observable. It is possible that
this shift is caused by a time-dependent increase in the ubiq-
uitination of the protein, which is prevented by the concomi-
tant incubation with forskolin.
We present data suggesting a protection from proteasomal

degradation upon cAMP-mediated 14-3-3 binding to IRS2. It is
imaginable that this protein/protein interaction results in a
conformational change that obscures the recognition motif for
an E3 ubiquitin ligase, thus protecting IRS2 from proteasomal
degradation. This hypothesis is supported by GlobPlot� analy-
sis that predicted theC-terminal part of the IRS2molecule to be
unstructured. Unstructured regions can often be found in pro-
teins that serve as regulatory and signaling proteins (55),
because these intrinsically unstructured regions are suitable for
restructuring upon interaction with a binding partner. 14-3-3
proteins display a very rigid structure and therefore can provide
themselves as an anvil whereupon the binding partner can be
restructured (56). Conformational change upon 14-3-3 binding
has been shown in several examples: the phosphatidylinositol
4-kinase III� is protected from dephosphorylation in the active
site by 14-3-3 binding (57), 14-3-3 binding to BAD (Bcl-2-asso-
ciated death promoter) enhances accessibility of serine 155 for
phosphorylation by prosurvival kinases (58), and AANAT
(serotonin N-acetyltransferase) shows an increased affinity for
its substrates upon 14-3-3 binding (31).
Our data indicate an additional mechanism for the up-regu-

lation of IRS2 protein levels in physiological conditions with
elevated cAMP concentrations. During fasting, blood glucagon
levels are increased and are known to induce IRS2 mRNA
expression through glucagon-dependent G protein-coupled
increases in cAMP levels, activation of PKA, and subsequent
activation of the transcription factor CREB and its coactivator
TORC2 (15, 16). Of note, IRS2 expression in the fasting state is

FIGURE 6. 14-3-3 proteins and serine 1137/1138 are important for IRS2 pro-
tein stability. A, Flp-In HEK293 cells stably expressing GFP-IRS2 were treated for
the indicated time points with 25 �g/ml of cycloheximide (CHX) alone or in com-
bination with 20 �M forskolin (FSK). Another set of cells was treated with 20 �M

14-3-3 antagonist overnight and during the incubation times. 25 �g of protein
was separated by SDS-PAGE and membranes were incubated with following
antibodies: IRS2, phosphoserine 157 of VASP and �-actin. B, densitometric anal-
ysis of IRS2 protein degradation. IRS2 content was normalized for �-actin and
IRS2 from untreated cells was set as 100% (mean � S.E., n � 4, *, p � 0.05 cyclo-
heximide/forskolin (open squares) versus cycloheximide/forskolin/14-3-3 antago-
nist-treated (filled squares) at 3 h). C, Flp-In HEK293 cells stably expressing GFP-
IRS2 or GFP-IRS2-S1137A/S1138A were incubated with 25 �g/ml of CHX and 20
�M FSK for 1, 3, and 6 h. 25 �g of protein was separated by SDS-PAGE and mem-
branes were incubated with IRS2 antibody, phosphoserine 157 of VASP and�-ac-
tin antibody. D, the extent of IRS2 protein degradation was quantified by scan-
ning immunoblots and normalization of IRS2 signal intensities for �-actin.
Untreated cells expressing GFP-IRS2 or GFP-IRS2-S1137A/S1138A were set to
100% (mean � S.E., n � 4, *, p � 0.05, GFP-IRS2 (open squares) versus GFP-IRS2-
S1137A/S1138A (filled squares) at 3 and 6 h).
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important to negatively regulate glucose output from the liver
to avoid hyperglycemia (15). Increased IRS2 protein levels in
hepatocytes during the fasting state ensure fast and effective
signaling upon insulin stimulation in the transition from the
fasted to the fed state. Notably, wewere able to show phosphor-
ylation of IRS2 onPKAsites in primarymouse hepatocytes after
forskolin stimulation as well as increased IRS2 protein stability.
The pronounced up-regulation of IRS2 protein levels observed
already after 30 min of forskolin stimulation suggests that the
primary cell culture model in particular, is responsive to the
effects of cAMP on the regulation of IRS2 protein amount.
In pancreatic �-cells IRS2 expression is crucial for growth

and survival (5). Increased blood glucose levels in the refed state
are followed by insulin secretion of the�-cell. Glucose itself can
induce IRS2 mRNA and protein expression in �-cells by a cal-
cium-dependent mechanism (59). In addition, glucagon-like
peptide 1 is released into the systemic circulation from
enteroendocrine cells during feeding and potentiates insulin
secretion. Glucagon-like peptide 1 increases cAMP levels in
�-cells, thus promoting �-cell viability via increased IRS2
expression (16). Our finding of increased IRS2 protein stability
due to elevated cAMP levels could provide an additional mech-
anism for the �-cell to protect itself from reduced IRS2 protein
levels. Van de Velde et al. (60) observed rapid gene expression
of CREB target genes by forskolin stimulation that decreased to
baseline levels after 4 h, whereas elevated IRS2 protein expres-
sion was measurable by Western blot up to 16 h in INS-1 cells.
This discrepancy in decreased in IRS2 gene activation but ele-
vated IRS2 protein levels could be explained with our finding of
increased IRS2 protein stability due to cAMP-induced 14-3-3
binding to IRS2. Of course, our considerations are based on the
mechanistic investigation of cAMP-dependent interaction
between IRS2 and 14-3-3 in our study and have to be confirmed
in �-cells and subsequently in vivo.

To conclude, we identified serine 1137/1138 as PKA phos-
phorylation sites on IRS2 that mediate 14-3-3 binding and
regulate IRS2 protein stability. The increased IRS2 protein
stability upon elevated cAMP levels provides an additional
mechanism to cAMP-induced IRS2 mRNA and subsequent
protein expression to ensure sufficient amounts of IRS2
protein.
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