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In Schwann cells (SCs), cyclic adenosine monophosphate
(cAMP) enhances the action of neuregulin, the most potent
knownmitogen for SCs, by synergistically increasing the activa-
tion of two crucial signaling pathways: ERK and Akt. However,
the underlying mechanism of cross-talk between neuregulin
and cAMP signaling remainsmostly undefined. Here, we report
that the activation of protein kinase A (PKA), but not that of
exchange protein activated by cAMP (EPAC), enhances S-phase
entry of SCs by synergistically enhancing the ligand-dependent
tyrosine phosphorylation/activation of the neuregulin co-re-
ceptor, ErbB2-ErbB3. The role of PKA in neuregulin-ErbB sig-
naling was confirmed using PKA inhibitors, pathway-selective
cAMP analogs, and natural ligands stimulating PKA activity in
SCs, such as adenosine and epinephrine. Twobasic observations
defined the synergistic action of PKAas “gating” for neuregulin-
ErbB signaling: 1) the activation of PKA was not sufficient to
induce S-phase entry or the activation of either ErbB2 or ErbB3;
and 2) the presence of neuregulin was strictly required to ignite
ErbB activation and thereby ERK and Akt signaling. However,
PKA directly phosphorylated ErbB2 on Thr-686, a highly con-
served intracellular regulatory site that was required for the
PKA-mediated synergistic enhancement of neuregulin-induced
ErbB2-ErbB3 activation and proliferation in SCs. The gating
action of PKA on neuregulin-induced ErbB2-ErbB3 activation
has important biological significance, because it insures signal
amplification into the ERK and Akt pathways without compro-
mising either the neuregulin dependence or the high specificity
of ErbB signaling pathways.

cAMP is a crucial regulator of many cellular processes,
including cell proliferation and differentiation. SCs2 are unique

in their capacity to respond to cAMP, because an accumulation
of intracellular cAMP enhances polypeptide growth factor-de-
pendent proliferation (1). In isolated SCs, cAMP-stimulating
agents synergistically increase the potency of neuregulin, plate-
let-derived growth factor, and fibroblast growth factor as mito-
genic signals (2–6). Our previous studies indicated that, in SCs,
the synergistic effect of cAMP on S-phase entry relies on the
ability of this second messenger to enhance the potency and
duration of neuregulin-stimulated MEK-ERK and PI3K-Akt
activation, which are both required for cell cycle progression. In
the absence of neuregulin, increased intracellular cAMP failed
to induce the activation of MEK-ERK or PI3K-Akt (7).
Neuregulins comprise an extensive family of growth factors

(8), which are the specific ligands for ErbB/HER family of recep-
tor tyrosine kinases (RTKs) (9, 10). Amembrane-bound formof
neuregulin is a major component of the axonal mitogen that
regulates SC proliferation by axonal contact in peripheral
nerves (11, 12). SCs express ErbB2 and ErbB3 isoforms that
signal as a heterodimeric complex-activating multiple path-
ways, including Ras-Raf-MEK-ERK and PI3K-PDK-Akt (12,
13). ErbB2 and ErbB3 complement each other to create an
effective signal transducer complex. The extracellular domain
of ErbB3 is required for binding to neuregulin, and the tyrosine
kinase activity of ErbB2 is required for receptor auto- and cross-
phosphorylation, inasmuch ErbB2 lacks a binding domain for
neuregulin and ErbB3 lacks a catalytically active intracellular
kinase domain (14). Upon ligand binding, SH3-containingmol-
ecules, such as the adaptor protein c-Shc and the regulatory
subunit of PI3K (p85), are recruited to specific phosphorylated
tyrosine residues on each activated receptor leading to the acti-
vation of Ras-ERK and PI3K-Akt, respectively (9).
Intracellular cAMP directly activates two main effectors:

protein kinase A (PKA) and the newly identified exchange pro-
tein activated by cAMP (EPAC), an exchange factor for the
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account for most of the effects of cAMP in mammalian cells
(15–17). Interestingly, cAMP can regulate the flow of signals
through other pathways, a function that is referred to as “gat-
ing” by cAMP (18). In particular, cAMP has been shown to
regulate the Ras-ERK pathway (19). For example, the activation
of PKA by cAMP does not affect the proliferation of NIH3T3
cells, but it inhibits Ras-stimulated ERK activity and Ras-medi-
ated transformation (20) by phosphorylating Raf1 and reducing
its kinase activity (21). As mentioned above, the regulation of
neuregulin-inducedERKandAkt signaling by cAMP in SCs can
be also considered an example of cAMP-mediated gating; how-
ever, the underlying mechanism is unknown.
Therefore, the goal of this study was to investigate how sig-

nals from neuregulin and cAMP interact to regulate ERK and
Akt activation and S-phase progression in SCs. Using a combi-
nation of pharmacological inhibitors of PKA and pathway-se-
lective cAMP analogs, we found evidence supporting an
involvement of PKA, but not EPAC, in increasing the activation
of the ErbB2-ErbB3 co-receptor. PKA activity was sufficient to
enhance the neuregulin-induced phosphorylation of specific
activating tyrosine residues in both ErbB2 and ErbB3 and
thereby enhance bothMEK-ERK and PI3K-Akt signaling. PKA
activity was not sufficient, however, to replace neuregulin to
initiate ErbB2 auto- and trans-phosphorylating activity toward
ErbB3 or the activation of downstreamMEK or PI3K signaling.
Yet, PKA directly phosphorylated ErbB2 on at least one highly
conserved PKA phospho-acceptor site, Thr-686, a transmodu-
latory site with a previously suggested role in enhancing the
activation of ligand-activated heterodimerizing ErbB2 sub-
populations (22). In this study, we provide evidence indicating
that PKA synergistically enhances neuregulin-dependent
ErbB2-ErbB3 activation and DNA synthesis in SCs through a
mechanism that requires the direct phosphorylation of ErbB2
onThr-686.We propose amodel of ErbB2-ErbB3 regulation by
PKA-mediated gating, which guarantees effective signal ampli-
fication into key pathways required for proliferation, without
compromising the high specificity of the neuregulin-ErbB
interaction or downstream signaling events.

EXPERIMENTAL PROCEDURES

Reagents—Cell-permeable cAMP analogs (Biolog) were as
follows: N6-benzoyladenosine-3�,5�-cyclic monophosphate
(6-Bnz-cAMP), N6-phenyladenosine-3�,5�-cyclic mono-
phosphate (6-PHE-cAMP), N6-monobutyryladenosine-
3�,5�-cAMP, (6-MB-cAMP), 8-(4-chlorophenylthio)-2�-O-
methyladenosine-3�,5�-cyclic monophosphate (8-CPT-
cAMP), 8-(4-methoxyphenylthio)-2�-O-methyladenosine-
3�,5�-cyclic monophosphate (PME-cAMP), N6-2�-O-
dibutyryladenosine-3�,5�-cyclic monophosphate (db-cAMP),
8-bromoadenosine-3�,5�-cyclic monophosphorothioate (8-Br-
cAMP), and adenosine-3�,5�-cyclic monophosphorothioate,
Rp-isomer. Recombinant heregulin-�1177–244 active peptide
was from Genentech (South San Francisco, CA). Recombinant
purified platelet-derived growth factor-BB and fibroblast
growth factor-1 were fromR&DSystems. Forskolin, adenosine,
epinephrine, isoproterenol, and H-89 were from Sigma. Cell-
permeable myristoylated protein kinase inhibitor peptide
14–22 (Myr-PKI) and L-�-phosphatidyl-inositol-3,4-bisphos-

phate (PI(3,4)P2) were from Biomol (Plymouth Meeting, PA).
ErbB3 antibodies were from Santa Cruz Biotechnology (Santa
Cruz, CA). Total and Phospho-Akt (Ser-473 and Thr-308),
-GSK3� (Ser-9), -MEK, -ERK, -ErbB2 (Tyr-1221/22, Tyr-877,
and Tyr-1248) polyclonal antibodies, phospho-ErbB3
(Tyr-1289), total phosphotyrosine and phospho-PKA substrate
antibodies were from Cell Signaling Technologies (Beverly,
MA). P-ErbB2 (Thr-686) was from GeneTex (San Antonio,
TX). [3H]thymidine (6.7 Ci/mmol) and SolvableTM were from
PerkinElmer Life Sciences (Boston, MA). The expression vec-
tors encoding the full-length human ErbB2 and ErbB3
sequences, pcDNAIII-ErbB2 and pcDNAIII-ErbB3, respec-
tively, were provided by Dr. Kermit Carraway III. The expres-
sion vector pcDNAIII-PKA catalytic subunit was provided by
Dr. J. Silvio Gutkind.
Primary Cultures of Adult-derived Human Schwann Cells

and Peripheral Nerve Fibroblasts—Human peripheral nerve
tissue, consisting of nerve roots comprising the cauda equina,
was provided by the LifeAllianceOrganRecoveryAgency at the
University of Miami Miller School of Medicine. Nerve frag-
ments were incubated 6–8 days at 37 °C in Dulbecco’s Modi-
fied Eagle’sMedium (DMEM, Invitrogen) containing 10%heat-
inactivated fetal bovine serum (FBS, HyClone), and 2 �M
forskolin and 10 nM neuregulin (D10/FN medium). For disso-
ciation, connective tissue-free nerve fascicles were incubated in
DMEM containing 10% FBS, 0.5 mg/ml collagenase type I
(Worthington, Lakewood, NJ), and 2.5mg/ml dispase II (Roche
Applied Science) overnight at 37 °C. The resulting cell suspen-
sion was plated onto mouse laminin-coated tissue culture
dishes in D10/FN medium and allowed to grow until conflu-
ency. SCs were resuspended and purified by immunopanning
with monoclonal antibodies against primate NGFR p75 (hybri-
doma supernatant, ATCC). The purity of the cultures was
96–99% based on immunostaining with anti-S100 (Dako), a
protein expressed specifically in SCs. Cells were used for exper-
iments between 2 and 8 population doublings (1–3 passages).
Fibroblasts from cauda equina were established by cultivat-

ing dissociated cell preparations onnon-coated plastic dishes in
DMEM containing 10% FBS without mitogens. The absence of
neuregulin in the culture medium and an inappropriate sub-
strate strongly retards the proliferation and survival of SCs,
whereas the absence of forskolin allows fibroblasts to prolifer-
ate rapidly and override the growth of remaining SCs. Cultures
obtained were �98% fibroblasts.
[3H]Thymidine Incorporation Assays—Sub-confluent cul-

tures of SCs growing on poly-L-Lysine (PLL)-laminin-coated
12-well plates (100,000 cells/well) or 24-well plates (50,000
cells/well) were deprived of mitogens for 2 days in DMEM-10%
FBS and then for 1 day in HEPES-buffered DMEM containing
1% FBS. SCs return to quiescence following removal of the
mitogenic stimulus for 3 days. The presence of a non-mitogenic
concentration of FBS in the culture medium was essential to
maintain cell attachment and prevent the loss of cells by apo-
ptosis induced by serum removal. Cells were exposed to
medium containing [3H]thymidine (0.25 �Ci/ml) under the
conditions described in the figure legends. As an ErbB/HER
agonist, we used a neuregulin peptide consisting of the EGF
homology domain of �1-heregulin (hereafter referred to as
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“neuregulin”) that is sufficient to bind and activate ErbB2-
ErbB3 heterodimers (23, 24) and downstream signaling path-
ways in SCs (7). Unless otherwise noted, a concentration of 10
nM neuregulin and 2 �M forskolin was used for all stimulation
experiments. 48 h after stimulation, cells were washed three
timeswith phosphate-buffered saline, lysedwith 300�l of Solv-
ableTM and incorporated tritium in the cells was determined by
liquid scintillation counting. Cultures were assayed in triplicate
samples in each condition. Before lysis and tritium counting,
cells were co-labeled with Cell Tracker Green (5-chlorometh-
ylfluorescein diacetate, Molecular Probes) and the nuclear dye
Hoechst 33342 (Sigma) and monitored live by fluorescence
microscopy. No indication of reduced metabolic activity or
induced apoptotic nuclei was observed for any of the
treatments.
Cell Lines—HEK293T cells (ATCC) were routinely cultured

in DMEM containing 10% FBS and penicillin-streptomycin-
gentamycin (Invitrogen) on a PLL substrate.
Transient Transfections—Cultures of HEK293T cells were

allowed to grow to sub-confluency in 24-well PLL-coated
dishes and then transfected overnight with the FuGENE 6 Rea-
gent in DMEM-HEPES without FBS (0.25 �g of total plasmid
DNA/well), according to the protocol suggested by the manu-
facturer (Roche Applied Science). The total amount of trans-
fected DNA was made equivalent by adding the control plas-
mid, pcDNAIII-�-gal, an expression vector for the enzyme
�-galactosidase. At 24 h post-transfection, medium was
replaced and cellswere subjected to stimulation followedby cell
lysis and Western blotting analysis, as described below.
Single cell suspensions (5 � 106 cells) of adult human SCs

obtained from exponentially growing cultures were transfected
using the Nucleofection method (4 �g of total plasmid DNA/
transfection), according to the instructions suggested by the
manufacturer (Oligodendrocyte Nucleofection Kit, program
A-33, Amaxa Biosystems). After transfection, SCs were initially
plated on PLL�laminin-coated six-well dishes in DMEM con-
taining 10% FBS and then re-plated 4 h later to 24-well dishes
(50,000 cells/well) for cell proliferation assays and Western
blotting analysis. For experimentation, stimulation of trans-
fected SCs was done 24-post transfection in HEPES-buffered
DMEM containing 1% FBS. Transfection efficiency for SCs was
40–60% based on green fluorescent protein fluorescence from
the expression vector pMAX-green fluorescent protein
(Amaxa Biosystems), which was routinely used as a positive
control to estimate transfection efficiency.
Western Blots—Protein samples from total cell lysates were

prepared by resuspending the cells in lysis buffer (50 mM Tris,
150 mM NaCl, 1% SDS, 0.5 mM dithiothreitol) containing pro-
tease inhibitors (1mMphenylmethylsulfonyl fluoride, 20�g/ml
aprotinin, and 20 �g/ml leupeptin) and phosphatase inhibitors
(phosphatase cocktails I and II, Sigma). Lysates were combined
with SDS sample buffer (400 mM Tris/HCl, pH 6.8, 10% SDS,
50% glycerol, 500 mM dithiothreitol, 2 �g/ml bromphenol
blue), followed by 10 min boiling. Protein aliquots were
resolved in denaturing polyacrylamide gels (SDS-PAGE), and
fractionated proteins were transferred to polyvinylidene fluo-
ride membranes (Millipore, Bedford, MA). Membranes were
blocked with 5% bovine serum albumin in Tris-Buffer saline

(TBS) containing 0.05% Tween-20 (TBS-T) and incubated
overnight with the appropriate dilution of each primary anti-
body (1:1000 unless otherwise noted). The membranes were
washed three times with TBS-T prior to incubation with horse-
radish peroxidase-conjugated secondary antibodies, 1:10,000
(Promega, Madison, WI). Immunoreactive protein bands were
detected by enhanced chemiluminescence using ECL
Advanced or ECL Plus, depending on signal intensity, accord-
ing to the manufacturer’s instructions (Amersham Bio-
sciences). For densitometric analysis, films were scanned at
high resolution using a Bio-Rad Fluor-S MultiImager, and the
relative optic density of the protein bands was estimated using
Quantity One software (Bio-Rad).
Detection of PKA Activity—The kinase activity of PKA was

assessed by immunodetecting the phosphorylation of cellular
PKA substrates using an antibody that recognizes PKA-specific
phospho-motifs ([RR]-X-[S*/T*]) in target proteins, either in
fixed cells (immunostaining) or in cell lysates (Western blot).
Curiously, phospho-PKA substrate antibodies detected only a
limited set of substrates in cAMP-treated SCs, most likely due
to the fact that only a proportion of the total cellular substrates
phosphorylated by PKA, would be recognized by this specific
antibody. Moreover, phosphorylated targets recognized by
anti-PKA substrate antibodies were mostly cytoplasmic/mem-
brane proteins based on immunostaining detection. For the
immunostaining experiments, SCs were grown in 24-well
plates coated sequentially with PLL and laminin and fixed with
4% paraformaldehyde (20 min, room temperature) followed by
cold methanol (10 min, 4 °C). Cells were then washed three
times with TBS and incubated with 5% normal goat serum in
TBS (TBS-NGS) for 1 h at room temperature. Subsequently, the
cells were incubated with anti-phospho-PKA substrate anti-
body (1:200 in TBS-NGS, overnight, 4 °C) and rinsed three
times with TBS prior to incubation with anti-rabbit Alexa-594-
conjugated secondary antibodies (1:200 in TBS-NGS, 1 h, room
temperature). Cells weremounted with Vectashield containing
4�,6-diamidino-2-phenylindole (DAPI, Vector Laboratories,
Burlingame, CA) and analyzed by conventional fluorescence
microscopy. Digitalized images from immunofluorescence
microscopy and from Western blot films were processed by
using Adobe Photoshop version 7.0 and arranged for presenta-
tion using Adobe Illustrator CS3.
In Vitro Kinase Assays—The phosphorylation of ErbB2 by

PKA was assayed in vitro by following a standard PKA kinase
assay, using a purified preparation of PKA catalytic subunit
(Promega) and including purified GST-HER/ErbB2 679–1255
(human, recombinant, Calbiochem) as a substrate in the reac-
tion mixture (PKA assay kit, Promega). The reactions were ini-
tiated by the addition of 1 �l of purified PKA and allowed to
proceed for 30 min at room temperature before denaturing the
proteins (10 min, boiling bath) and assaying the products by
Western blot using anti-phosphoPKA substrate and anti-phos-
pho-ErbB2 Thr-686 antibodies. Reactions were carried out in
the absence and presence of a specific PKA inhibitor peptide
(PKI-[6–22]-NH2, Upstate Biotechnology, Lake Placid, NY),
which highly discriminates between PKA and protein kinase C.
ErbB/HER Sequence Analysis and Site-directed Mutagenesis—

The available protein sequence of ErbB/HER2 from the differ-
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ent species analyzed was obtained
from GenBankTM (NCBI), and the
search for potential consensus
PKA-specific motifs ([KR]-X-[T/S])
was done with the program PROS-
ITE (free internet resource).
Individual pointmutation of Thr-

686 on pcDNAIII-ErbB2 was gener-
ated by site-directed mutagenesis
(BPS Bioscience, mutagenesis ser-
vice). Mutagenesis primers were
designed to introduce an ACG to
GCG mutation (Thr to Ala) to gen-
erate an alanine replacement of
Thr-686 in the full-length ErbB2
coding sequence.
Rap1 Assays—To measure the

nucleotide exchange activity of
EPAC, we assayed the GTP-binding
activity of its downstream effector
Rap1, by using a standard method
that involves the precipitation of
GTP-bound Rap1 molecules by
affinity binding to purified recombi-
nant Ral-GDS-agarose beads (Rap1
activation assay, Roche Applied Sci-
ence). SCs were allowed to grow up
to 70–80% confluency in 10-cm
plates coatedwith PLL-laminin (4�
106 cells/dish), starved as described
before and then stimulated with
cAMP analogs for 30 min. The
plates were washed with iced-cold
TBS, and the cells were rapidly
resuspended in lysis buffer. All sub-
sequent steps were performed
according to the manufacturer’s
recommendations. Purified samples
containing GTP-bound Rap1 were
denatured in SDS loading buffer,
boiled, resolved by 15% SDS-PAGE,
and analyzed by Western blotting
using anti-total Rap1 antibodies
(Santa Cruz Biotechnology, 1:1000).
Samples from total cell lysates were
analyzed in parallel as controls for
total Rap1 expression.

RESULTS

The Activation of PKA, but Not
EPAC, Is Sufficient to Synergistically
Enhance the Neuregulin-stimulated
Proliferation of SCs—The mecha-
nismunderlying the action of cAMP
in neuregulin-induced SC prolifera-
tion remainsmostly undefined. As a
first approach, we investigated the
role of PKA or EPAC, by the use of

FIGURE 1. The activation of PKA is sufficient to synergistically increase human SC proliferation in response to
neuregulin. A, synergistic effect of the PKA-selective cAMP analog, 6-Bnz-cAMP, on the stimulation of DNA synthe-
sis in response to neuregulin. B, inhibitory effect of the EPAC-selective cAMP analog, 8-CPT-cAMP, on neuregulin-
stimulated S-phase entry. In the experiments shown in A and B, mitogen-deprived human SCs were stimulated with
neuregulin (10 nM) alone, or in combination with increasing concentrations (50–200 �M) of 6-Bnz-cAMP (A) or
8-CPT-cAMP (B) and allowed to incorporate [3H]thymidine for 48 h (“Experimental Procedures”). Forskolin (2�M) was
used as a positive control. In these and all subsequent graphs, bar heights are means of triplicate determinations;
error bars represent standard deviations. Results are from one representative experiment out of at least three inde-
pendent experiments performed. C, activity and specificity of pathway-selective cAMP analogs in SCs. Detection of
PKA activity in living cells was performed by stimulating mitogen-deprived SCs with 6-Bnz-cAMP or with 8-CPT-
cAMP for 30 min. Cells were fixed and immunostained (upper panel) or lysed and analyzed by Western blot (lower
panel) using anti-phospho PKA substrate antibodies. Forskolin (2 �M) was used as positive control for PKA activity;
cAMP analogs were used at 200 �M (above). Scale bar � 15 �m. EPAC activity was assayed by measuring the GTP
binding activity of Rap1 under identical experimental conditions as for PKA activity (lower panel). D, effect of other
non-selective and selective cAMP analogs on S-phase entry in SCs. Experimental conditions were identical to those
described in A and B, above. Analogs were used at 200 �M. E, effect of pharmacological inhibition of PKA activity by
H-89 on neuregulin-induced S-phase entry in SCs. Increasing concentrations of H-89 (indicated in the figure) were
added to the culture medium 30 min before mitogenic stimulation and the incorporation of [3H]thymidine was
evaluated 48 h after; H-89 was present throughout. F, effect of PKA- and EPAC-selective cAMP analogs on the
proliferation of human fibroblasts from peripheral nerve. Sub-confluent cultures were subjected to serum depriva-
tion for 3 days and then stimulated with 10% FBS alone or in combination with forskolin (2 �M), 8-CPT-cAMP, or
6-Bnz-cAMP (200 �M each) in media containing [3H]thymidine, and the incorporation of tritium by the cells was
measured 48 h after.
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pathway-selective cell-permeable cAMPanalogs (25).We com-
pared the effect of 6-Bnz-cAMP and 8-CPT-cAMP, two widely
used PKA- and EPAC-selective cAMP analogs, respectively
(26), for their ability to regulate neuregulin/HER-dependent SC
proliferation. Bymeasuring the incorporation of [3H]thymidine
in adult-derived human SCs, we observed that the selective
activation of PKA by 6-Bnz-cAMP was sufficient to synergisti-
cally and dose dependently enhance neuregulin-stimulated
S-phase entry, resembling the effects of forskolin, a direct acti-
vator of adenylyl cyclases (Fig. 1A) and non-selective analogs of
cAMP, such as db-cAMPand 8-Br-cAMP (Fig. 1D). In contrast,
when SCs were stimulated with neuregulin in the presence of
8-CPT-cAMP, neuregulin-stimulated S-phase entry was signif-
icantly reduced (Fig. 1B), without diminishing the metabolic
activity or the survival of the cells (not shown). In addition, the
activation of EPAC by 8-CPT-cAMP was sufficient to antago-
nize the synergistic action of 6-Bnz-cAMP and forskolin on
neuregulin-induced S-phase entry (not shown). Controls for
the relative potency and specificity of the cAMP analogs used in
the experiments are shown in Fig. 1C. Similarly, the PKA-selec-
tive analogs 6-PHE-cAMP and 6-MB-cAMP synergistically
enhanced, whereas the EPAC-selective analog PME-cAMP
reduced, neuregulin-induced S-phase entry (Fig. 1D), support-
ing opposite roles of PKA and EPAC in mediating the effects of
cAMP in SC proliferation.
Consistent with these results and with the previously pro-

posed role of PKA in cell cycle progression in SCs (27), pre-
treatment with H-89, a potent pharmacological inhibitor of
PKA kinase activity (28), dose dependently reduced the incor-
poration of [3H]thymidine in SCs stimulatedwith neuregulin in
the presence of either forskolin or 6-Bnz-cAMP (Fig. 1E). Sim-
ilarly, preincubation with either the inactive cAMP stereoiso-
mer, Rp-cAMP, or with a cell-permeable active peptide from
the heat-stable protein kinase inhibitor (myr-PKI), effectively
antagonized the action of cAMP on SC proliferation (data not
shown).
To rule out a possible contribution of fibroblasts to the

observed results, we determined the effect of cAMP on the pro-
liferation of human fibroblasts from adult peripheral nerve.
These fibroblastswere unresponsive to neuregulin (not shown),
but they were responsive to fetal bovine serum (Fig. 1F) and to
platelet-derived growth factor and fibroblast growth factor1
(not shown). As opposed to SCs, forskolin, but not 6-Bnz-
cAMP, decreased the incorporation of [3H]thymidine induced
by serum (Fig. 1F), platelet-derived growth factor and fibroblast
growth factor1 (not shown), confirming the cell type specificity
of cAMP action in SC cultures. Interestingly, stimulation with
8-CPT-cAMP was sufficient to dramatically reduce both
serum- (Fig. 1F) and growth factor-induced (not shown) prolif-
eration, further supporting a role of EPAC in mediating the
anti-proliferative effects of cAMP in both SCs and fibroblasts.
Overall, these results suggest that the regulation of S-phase

progression by cAMP is not only cell type-specific but also
highly dependent on the particular set of effectors activated by
cAMP.Whereas EPAC activation converted cAMP from a pro-
liferative to an anti-proliferative signal in SCs, the activation of
PKA was by itself not only required but also sufficient to syner-
gistically promote S-phase entry in the presence of neuregulin.

cAMP Synergistically Enhances the Neuregulin-stimulated
Tyrosine Phosphorylation of ErbB3 and the Activation of PI3K/
Akt Signaling—cAMP signaling potentially converges at multi-
ple levels in the signaling axes Ras-Raf-MEK-ERK (19, 29) and
PI3K-PDK-Akt (30, 31). Because our finding of a synergistic
intensification of growth factor-stimulated Akt activation was
unexpected, we first analyzed the effect of cAMP on Akt acti-
vation in the absence of neuregulin. We then used purified
PI(3,4)P2, one of the known products of PI3K activity (32), to
artificially increase Akt activity in SCs, in the absence or pres-
ence of forskolin as a cAMP-inducing agent. Time-course stud-
ies revealed that forskolin almost completely abolished the
increase of Akt phosphorylation, and that of Akt’s specific sub-
strate GSK3, stimulated by PI(3,4)P2 (Fig. 2A). These observa-
tions suggest that: 1) cAMP exerts a negative regulation on the
activation of intermediates downstream of PI3K activation and
therefore, the presence of neuregulin is essential for the syner-
gistic activation ofAkt by cAMP, and 2) the synergistic action of
cAMP on neuregulin-initiated Akt activation operates
upstream or at the level of PI3K activation.
Because stimulation with neuregulin impacts directly on

ErbB tyrosine phosphorylation, and because PI3K activation is
primarily linked to the activation of ErbB3, we investigated
the effect of cAMP on ErbB3 phosphorylation on Tyr-1289, an
activating residue that recruits p85 and thereby mediates Akt
activation (33). The short term (Fig. 2B) and long term (Fig. 2C)
kinetics of the effect of forskolin on Tyr-1289 phosphorylation
showed that forskolin synergistically enhanced ErbB3 activa-
tion by neuregulin, even long after the initial stimulation
(namely, 24–36 h post-stimulation). However, only the long
term synergistic enhancement of neuregulin-induced activa-
tion of ErbB3 by cAMP (longer than 30 min post-stimulation)
correlated with an enhancement of Akt phosphorylation (Fig.
2B), confirming our previous observations (7). At earlier time
points (namely, 10 min following the onset of stimulation), the
increased phosphorylation of ErbB3 induced by neuregulin and
forskolin co-treatment did not translate into an increased Akt
phosphorylation signal (Fig. 2B), possibly due to the counter-
acting inhibitory action that cAMP exerts concurrently on
PI3K activated Akt downstream of ErbB3 activation. Impor-
tantly, in the absence of added neuregulin, increased levels of
cAMP failed to promote the phosphorylation of ErbB3 on Tyr-
1289 (Fig. 2C), which is also consistent with the unchanged
activation of Akt by cAMP treatment (7).
A similar synergistic effect of forskolin on neuregulin-stim-

ulated ErbB3 tyrosine phosphorylation, as assessed by using
anti-phospho-ErbB3 Tyr-1289 and confirmed by using anti-
phospho tyrosine antibodies (Fig. 2D, upper panels), was
observed in HEK293T cells transiently transfected to co-over-
express ErbB2 and ErbB3. HEK293T cells express negligible
levels of ErbB2 and no detectable ErbB3 under basal conditions.
As shown in the same figure (lower panels) the enhanced tyro-
sine phosphorylation of ErbB3 by neuregulin and forskolin cor-
related with similarly enhanced levels of Akt (Ser-473 and Thr-
308) and GSK3 phosphorylation. This result extends the
relevance of the regulatory role of cAMPon ErbB3 activation to
other cellular systems expressing ErbB2-ErbB3 hetero-dimers.
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Cumulatively, these results indicate that in SCs the synergis-
tic enhancement of neuregulin-dependent ErbB3 activation by
cAMP 1) underlies the synergistic activation of Akt previously
observed and 2) overrides the down-regulation of PI3K-acti-
vated Akt signaling mediated by cAMP downstream of PI3K
activation.
The Activation of PKA, but Not EPAC, Is Sufficient to Syner-

gistically Increase the Neuregulin-stimulated Activation of
ErbB3 and PI3K-Akt Signaling—To further define the role of
PKA and EPAC in the regulation of neuregulin-dependent

ErbB3 and Akt activation by cAMP, we used 6-Bnz-cAMP and
8-CPT-cAMP to discriminate between PKA- and EPAC-medi-
ated effects. The results indicate that PKA activation by 6-Bnz-
cAMP was sufficient to elicit a synergistic intensification of the
neuregulin-initiated phosphorylation of ErbB3 on Tyr-1289
and of Akt on both Ser-473 and Thr-308, resembling the action
of forskolin and db-cAMP (Fig. 3, A and B). In contrast, EPAC
activation had no apparent effect on basal levels or on neuregu-
lin-stimulated phosphorylation of ErbB3 or Akt (Fig. 3, A and
B). Likewise, 6-Bnz-cAMP, as well as forskolin and db-cAMP,

FIGURE 2. cAMP synergistically enhances the activation of ErbB3 and PI3K-Akt in response to neuregulin. A, down-regulation of PI(3,4)P2-induced Akt
and GSK3 phosphorylation by forskolin in human SCs. B and C, time course of forskolin’s action on neuregulin-stimulated ErbB3 and Akt activation in SCs. In
A–C, cells were subjected to mitogen- and serum-deprivation and then stimulated with 20 �M PI(3,4)P2 (A) or 10 nM neuregulin (B and C), with or without
forskolin (2 �M) for the indicated time points. Total cell lysates were collected and analyzed by Western blotting using phospho- and total-ErbB3 and -Akt
antibodies, as indicated in the figure. Bar graphics depict quantitative data from the Western blot profiles shown above. In A (lower panels), the unchanged
phosphorylation of ErbB3 is shown as a control for the absence PI3K- ErbB3 cross-talk. D, effect of forskolin on neuregulin-stimulated ErbB3 activation, and Akt
and GSK3 phosphorylation, in HEK293T cells transfected with expression vectors encoding for ErbB2 and ErbB3. Cells were transfected in starvation medium
(DMEM without FBS) overnight and then stimulated for 1 h before collecting the cell lysates for Western blot analysis. No detectable levels of endogenous
ErbB3 were seen in non-transfected HEK293T cells. Results shown in the figures are representative of at least three independent experiments performed.
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elicited a synergistic enhancement of neuregulin-stimulated
tyrosine phosphorylation of ErbB3 in ErbB2-ErbB3-transfected
HEK293T cells (Fig. 3D). Moreover, inhibition of PKA by pre-
incubating SCs with H-89 abrogated the synergistic enhance-
ment of neuregulin-initiated ErbB3 and Akt phosphorylation
by forskolin, without interfering with neuregulin-induced
phosphorylation of ErbB3 or Akt (Fig. 3C).

A notable feature of the action of cAMP on ErbB3 activation
was that stimulating PKA activity was not sufficient to directly
enhance ErbB3 tyrosine phosphorylation in SCs (Fig. 3,A–C) or
transfected HEK293T cells (Fig. 3D). Similarly, overexpression
of the active catalytic subunit of PKA, which induces a persis-
tent and strong phosphorylation of intracellular PKA sub-

strates, along with ErbB2�ErbB3,
did not substitute for neuregulin to
trigger tyrosine phosphorylation of
ErbB3 (Fig. 3E), further supporting
the idea that PKA acts to specifically
enhance the activation of neuregu-
lin-bound ErbB3 hetero-complexes.
In summary, these results indicate
that activation of PKA is sufficient
to mediate the synergistic enhance-
ment of neuregulin-dependent
ErbB3 activation by cAMP, thereby
triggering downstream signaling
into the PI3K-Akt pathway.
cAMP Synergistically Enhances

Neuregulin-stimulatedTyrosinePhos-
phorylation of ErbB2 and MEK-ERK
Signaling: Role of PKA but Not EPAC
in cAMP Action—Our previous
studies indicated that the enhance-
ment of neuregulin-stimulated
MEK-ERK and PI3K-Akt activation
by cAMP followed similar activa-
tion kinetics, suggesting a common
underlying regulatory mechanism
(7). The enhanced neuregulin-
dependent tyrosine phosphoryla-
tion of ErbB3 by cAMP-PKA
reported above could result from
either a reduced de-phosphoryla-
tion or an increased cross-phos-
phorylation by activated ErbB2, as
ErbB3 lacks intrinsic tyrosine kinase
capacity (34). We therefore investi-
gated the regulation of ErbB2 acti-
vation by cAMP and PKA, using
phosphorylation state-specific anti-
bodies of kinase active ErbB2. Using
HEK293T cells ectopically express-
ing ErbB2 and ErbB3, we observed
that increasing cAMP levels with
forskolin synergistically enhanced
the neuregulin-dependent phos-
phorylation of at least three activat-
ing tyrosine sites in the intracellular

domain of ErbB2, Tyr-1248, Tyr-1221/1222, and Tyr-877 (Fig.
4A). These tyrosine residues are consensus binding sites for Shc
proteins andmediate signal transduction from activated ErbB2
into the Ras-ERK pathway. We observed that enhanced tyro-
sine phosphorylation of neuregulin-stimulated ErbB2 by for-
skolin treatment coincided with enhanced phosphorylation of
ErbB3 (compare Fig. 2D andFig. 4A), andhighly correlatedwith
enhanced activation of MEK-ERK both in SCs (Fig. 4B) and in
transfected HEK293T cells (Fig. 4, A–C).
To investigate the role of PKA and EPAC in ErbB2 tyrosine

phosphorylation we compared the effect of forskolin and db-
cAMP with that of 6-Bnz-cAMP and 8-CPT-cAMP, in the
absence and presence of neuregulin. The results indicated that

FIGURE 3. PKA activation, but not EPAC activation, by cAMP is required and sufficient to enhance the
neuregulin-stimulated phosphorylation of ErbB3 and downstream PI3K-Akt signaling. A, synergistic
effect of PKA activation on neuregulin-induced ErbB3 Tyr-1289 phosphorylation and Akt activation by the use
of non-selective and PKA-selective cAMP-inducing agents in human SCs. B, temporal changes of neuregulin-
dependent ErbB3 phosphorylation induced by the PKA-selective analog, 6-Bnz-cAMP, and the EPAC-selective
analog, 8-CPT-cAMP. C, antagonistic effect of H-89 on the synergistic increase of neuregulin-initiated ErbB3
and Akt phosphorylation in response to forskolin in SCs. D, effect of PKA- and EPAC-selective analogs on
neuregulin-induced ErbB3 phosphorylation in transfected HEK293T cells overexpressing ErbB2 and ErbB3.
E, effect of PKA catalytic subunit overexpression on ErbB3 phosphorylation in HEK293T cells expressing
ErbB2�ErbB3. Experiments were performed essentially as described in Fig. 2 (legend). Cells were stimulated for
4 h (A–C), 1 h (D–E), or the indicated time points (B) and analyzed by Western blotting using the antibodies
indicated in the figure. Analogs of cAMP were used at 200 �M each. In C, cells were preincubated with H-89 (5
�M) for 30 min before hormonal stimulation. In E, the phosphorylation of cellular PKA substrates (lower panel)
is shown as a control for the effect of PKA catalytic subunit (PKA) overexpression. Note that neuregulin triggers
ErbB3 phosphorylation but no detectable PKA activity in transfected HEK293T cells. NT, non-transfected cells.
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treatment with 6-Bnz-cAMP mimicked the effect of forskolin
and db-cAMP in enhancing neuregulin-stimulated phospho-
rylation of ErbB2, without changing the extent of ErbB2
phosphorylationwhen administered alone, as shown in Figs. 4B
(SCs) and 4C (transfected HEK293T cells). Interestingly, stim-
ulation of HEK293T cells, but not SCs, with cAMP-stimulating
agents, including forskolin (Fig. 4A) and the PKA-selective
analog 6-Bnz-cAMP (not shown) elicited a modest but signifi-
cant increase in the levels of ERK phosphorylation without
changing the levels of MEK activation (Fig. 4, A and C). In con-
trast, treatment with 8-CPT-cAMP had no apparent effect on
the basal or the neuregulin-stimulated tyrosine phosphoryla-
tion of ErbB2 or MEK-ERK activation (Fig. 4, B and C). Time-
course studies further revealed that 8-CPT-cAMP treatment
had no effect on MEK-ERK activation at any time between 10
min and 24 h after stimulation (not shown) (26), despite its
ability to effectively activate Rap1 in SCs (Fig. 1C). The syner-
gistic enhancement of neuregulin-initiated ErbB2 activation by
cAMP was strictly dependent on the kinase activity of PKA, as
judged by the ability of H-89 to inhibit the enhancement of
neuregulin-initiated ErbB2 and MEK phosphorylation by for-
skolin, without interfering with ErbB2 or MEK activation by
neuregulin (Fig. 4D).
Overall, these results suggest a novel role of PKA in enhanc-

ing the ligand-dependent auto- and trans-phosphorylating
activity of ErbB2. The gating effect of PKA on ErbB2 activation
by neuregulin explains the dual synergistic action of PKA in
increasing both MEK-ERK activation and the activation of
ErbB3.

Adenosine and Epinephrine Syn-
ergistically Enhance SC Prolifera-
tion, ErbB2-ErbB3 Activation, and
Signaling through MEK-ERK and
PI3K-Akt—cAMP is one keymodu-
lator of SC proliferation, and it has
been hypothesized that a compo-
nent of the mitogenic activity of
axons (37) involves the induction of
cAMP in SCs (38). However, the
only known axonal mitogen for SCs
belongs to the neuregulin family,
and our results show that neuregu-
lin stimulation does not directly
trigger PKA activity in human SCs
(Fig. 1C). So far, adenosine has been
the only described axon-derived
molecule inducing an increase of
intracellular cAMP in SCs contact-
ing axons (39). Other known poten-
tial inducers of cAMP in SCs are cal-
citonin gene-related peptide (40)
and epinephrine (41). We have now
tested these three candidates and
only adenosine and epinephrine, as
well as the adrenergic analog iso-
proterenol, promoted PKA activity
in human SCs (Fig. 5A) and syner-
gistically enhanced neuregulin-

stimulated S-phase entry in a dose-dependent (Fig. 5B) and in a
PKA-dependent manner, as assessed by using the PKA inhibi-
tor H-89 (not shown), resembling the action of agents that arti-
ficially promote cAMP accumulation. Moreover, adenosine
and epinephrine promoted a synergistic increase in the extent
of neuregulin-stimulated ErbB2 and ErbB3 tyrosine phospho-
rylation, and in the activation of both MEK- and PI3K-medi-
ated signaling (Fig. 5C).
In summary, these results are consistent with the idea that, in

SCs, PKA activity induced by natural ligands activating G-pro-
tein-coupled receptors linked to G�s stimulation and the pro-
duction of cAMP, enhances the mitogenic activity of neuregu-
lin by enhancing the activation of ErbB2-ErbB3, and thereby
MEK-ERK and PI3K-Akt signaling. This gives biological rele-
vance to the convergence of G�s-coupled-G-protein-coupled
receptor and ErbB signals in maximizing the efficiency of G1-S
progression in SCs.
PKA Directly Phosphorylates ErbB2 on the Conserved Regu-

latory Site Thr-686—The mechanism by which PKA enhances
the activation of ErbB2 remains elusive, basically because PKA,
a Thr-/Ser kinase, does not trigger the phosphorylation of tyro-
sine residues. In the absence of EGF, PKA has been shown to
increase EGF receptor transactivation and ERK1/2 signaling
(35, 36). However, the observed effects of PKA on ErbB2 acti-
vation are strictly ligand-dependent and therefore also depend-
ent on the capacity of ErbB2 to hetero-dimerize with neuregu-
lin-bound ErbB3, as ErbB2 lacks the ability to directly bind to
and be activated by specific ligands (14). The possibility still
exists that PKA may phosphorylate ErbB2 at either single or

FIGURE 4. PKA activation, but not EPAC activation, by cAMP is required and sufficient to enhance the
neuregulin-stimulated phosphorylation of ErbB2 and downstream MEK-ERK signaling. A, effect of for-
skolin on the neuregulin-stimulated tyrosine auto-phosphorylation of ErbB2 in HEK293T cells overexpressing
ErbB2�ErbB3. The phosphorylation of ErbB2 on Tyr-1248, Tyr-1221/1222, and Tyr-877 (upper panels) was
assessed in cells stimulated for 1 h with neuregulin alone or in combination with forskolin, as stated in the
figure. The phosphorylation of MEK and ERK was determined in paralleled samples (lower panels). B and C,
synergistic enhancement of neuregulin-induced ErbB2 tyrosine phosphorylation and MEK-ERK activation by
non-selective and pathway-selective cAMP-stimulating agents in human SCs (B) and HEK293T cells overex-
pressing ErbB2 and ErbB3 (C). D, involvement of PKA in the synergistic enhancement of ErbB2 phosphorylation
in human SCs. All experimental conditions were identical to those described in Fig. 3.
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multiple sites regulating the ligand-induced tyrosine kinase
activity and/or the stability of heterodimerizing ErbB2. By per-
forming a search of candidate PKA-specific phosphorylation
motifs in the ErbB2 sequence, we identified two intracellular
sites that have been highly conserved from fish to humans, i.e.
the homologous residues of Thr-686 andThr-900 of the human
ErbB2 sequence (Fig. 6A, shown only for Thr-686). Indeed, the
phosphorylation of ErbB2 on Thr-686, a juxtamembrane site
located N-terminal to the ErbB2 tyrosine kinase domain, has
been suggested to enhance the kinase activity of ligand-acti-
vated hetero-dimerizing ErbB2 in response to agonists stimu-
lating protein kinaseC (22). Noteworthy, we have observed that
Thr-686 lies within a motif that clearly matches PKA, but not
protein kinase C, specific consensus motif. To investigate
whether PKAwas able to phosphorylate ErbB2 directly, we per-
formed in vitro kinase assays using purified GST-ErbB2 intra-
cellular domain as a potential substrate for purified PKA cata-
lytic subunit (Fig. 6B, left). To confirm the specificity of the
kinase reaction, in vitro assays were performed in the absence
and presence of a specific PKA inhibitory peptide (Fig. 6B,
right). We then analyzed the reaction products by using phos-
pho-specific antibodies recognizing either general phosphoryl-
ated PKA substrates or the specific ErbB2 residue Thr-686. The
results indicated that ErbB2 can serve as an in vitro substrate for
the kinase activity of PKA and that PKA specifically phospho-
rylates ErbB2 on at least one candidate site, Thr-686. As a con-
trol, we show that the inclusion of PKA inhibitors in the in vitro
kinase reaction reduced the extent of ErbB2 phosphorylation
on Thr-686 without changing the intrinsic tyrosine kinase
activity of the intracellular domain of ErbB2, as assessed by
detecting the specific auto-phosphorylated site Tyr-1248 (Fig.
6B, right).
Aligned with these observations, the phosphorylation of

overexpressed full-length ErbB2 on Thr-686 was also seen in
vivo when the active PKA catalytic subunit was co-expressed
along with either ErbB2�ErbB3 (Fig. 6C, left) or ErbB2 alone in
HEK293T cells (Fig. 6C, right). As a control for the specific
detection of phosphorylatedThr-686 ErbB2, we show that anti-
phospho-ErbB2 Thr-686 antibodies did not display cross-reac-
tivity with overexpressed ErbB3 proteins, even in the presence
of activated PKA (Fig. 6C, right). Phosphorylation of ErbB2 on
Thr-686 was also elicited by cAMP-stimulating agents, such as
forskolin in transfected HEK293T cells (not shown). Most
importantly, Thr-686 phosphorylation of endogenously
expressed ErbB2 was also observed in SCs treated with forsko-
lin (Fig. 6D, above) and with the PKA-stimulating hormones,
adenosine, epinephrine, and isoproterenol (Fig. 6D, below). It is
worth noting that treatment with neuregulin alone did not elicit
thephosphorylationofErbB2onThr-686 (not shown),whichpar-
allels the inability of neuregulin to stimulate PKA activity in SCs.
To further confirm the PKA-mediated phosphorylation of

ErbB2 on Thr-686, we performed site-directed mutagenesis on
the pcDNAIII-ErbB2 expression vector to introduce a non-
phosphorylatable alanine replacement of Thr-686 in the full-
length human ErbB2 coding sequence. Results shown in Fig. 6E
indicated that, when expressed at comparable levels in
HEK293T cells, ErbB2wild type was effectively phosphorylated
by overexpressed PKA, whereas the Thr-686-defective mutant

protein, ErbB2-T686A, was not. This result indicates a require-
ment of Thr-686 for the PKA-mediated phosphorylation of
ErbB2 in vivo and confirms the specific action of the antibodies
used for the detection of this particular phosphorylated site of
ErbB2. Collectively, these results further suggest that one key
event in the synergistic enhancement of ligand-activated
ErbB2-ErbB3 heterodimers by cAMP is the direct phosphoryl-
ation of ErbB2 by PKA on the regulatory site Thr-686.
Synergism between Neuregulin and cAMP in the Control of

ErbB2-ErbB3 Signaling and Cell Proliferation Requires ErbB2
Phosphorylation on Thr-686—The availability of a non-phos-
phorylatable mutant form of ErbB2 on Thr-686, provided us
with an opportunity to examine the requirement of PKA-me-
diatedphosphorylationofErbB2ontheregulationofneuregulin-
dependent ErbB2-ErbB3 signaling and the overall effect on SC
proliferation. We first compared the ability of the mutant pro-
tein ErbB2-T686A, with that of the wild-type ErbB2, to be acti-
vated by the combined administration of neuregulin and PKA-
stimulating agents in HEK293T cells co-overexpressing ErbB3.
In this heterologous system, we observed that mutation of
ErbB2 on Thr-686 was sufficient to abolish the synergistic
action of both non-selective (forskolin) and PKA-selective
(6-Bnz-cAMP) activating agents on the neuregulin-dependent
auto- and trans-phosphorylating tyrosine kinase activity of
ErbB2, as assessed by using phospho-specific ErbB2 (Tyr-1248)
and ErbB3 (Tyr-1289) antibodies, respectively (Fig. 7B). Con-
sistent with these observations, the synergistic action of PKA
on the neuregulin-dependent activation of signaling events
downstream of ErbB2-ErbB3 activation was also eliminated in
cells expressing ErbB2-T686A (shown only for MEK activa-
tion), indicating a requirement of ErbB2 phosphorylation on
Thr-686 for the gating action of PKA on the ligand-dependent
activation of ErbB2-ErbB3 heterodimers. As a control, we con-
firmed that mutation of Thr-686 did not apparently change the
cellular localization of ErbB2 (not shown) or the extent of
ErbB2 tyrosine kinase activity under either basal conditions
(control non-stimulated cells) or in response to neuregulin in
HEK293T cells co-transfected with ErbB3 (Fig. 7A).
To analyze the contribution of ErbB2 phosphorylation on

Thr-686 in the regulation of neuregulin-initiated proliferation
by PKA, we transiently transfected primary cultures of human
SCs with either the wild type or the Thr-686 mutant form of
ErbB2 and examined the incorporation of [3H]thymidine in
response to neuregulin in the absence and presence of PKA-
stimulating agents. The results shown in Fig. 7C indicated that
SCs expressing ErbB2-T686A, in comparison to those express-
ing ErbB2 wild type, displayed a reducedmitogenic response to
the combined action of neuregulin and forskolin or neuregulin
and 6-Bnz-cAMP, without altering the response to neuregulin
alone. Furthermore, we found evidence indicating that ErbB2-
T686A-expressing SCs displayed an impaired ability, compared
with SCs expressingwild-type ErbB2, to synergistically increase
ErbB2 and ErbB3 activation, as well as the activation of down-
stream signaling intermediates (shown only for ERK phospho-
rylation), in the combined presence of neuregulin- and cAMP/
PKA-stimulating agents, including not only forskolin and
6-Bnz-cAMP but also the natural ligands, adenosine and epi-
nephrine (Fig. 7D).
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Taken as a whole, these results suggest that cAMP, through
the activation of PKA,mediates the synergistic enhancement of
neuregulin-initiated ErbB2-ErbB3 activation and proliferation
in SCs at least in part, through the direct phosphorylation of
ErbB2 on a key regulatory residue, Thr-686.

DISCUSSION

Here, we have presented evidence that cAMP enhances neu-
regulin-mediated effects, because it serves as a “gate” to

increase the flow of signaling through the ligand-activated ErbB
receptors. Specifically, the activation of PKA, but not EPAC,
was sufficient to synergistically enhance the neuregulin-medi-
ated tyrosine phosphorylation/activation of both receptor part-
ners, ErbB2 and ErbB3, which act as an effective heterodimeric
signal transduction unit in the regulation of G1/S transition in
SCs. Our results strongly support the concept that PKA exerts
its effects, at least in part, through the direct phosphorylation of
ErbB2 on a regulatory residue, Thr-686. The gating action of
PKA on neuregulin-ErbB signaling was supported by at least
two key observations: 1) the effect of PKA on ErbB2-ErbB3
activation was synergistic, and it was only manifested in the
presence of neuregulin, and 2) the stimulation of PKA activity
by itself had no effect. This mechanism of action could explain
the synergistic cross-talk that cAMP exerts on neuregulin-in-
ducedMEK-ERKandPI3K-Aktactivation(7),andonneuregulin-
dependent SC proliferation. These novel findings have been
summarized in the schematic presented in Fig. 8.
The role of PKA on the regulation of neuregulin-induced

ErbB2-ErbB3 activation was confirmed by showing that: 1)
both general and pathway-selective PKA agonists, including
synthetic analogs of cAMP and ligands activating G�s-coupled
G-protein-coupled receptors, such as adenosine and epineph-
rine, effectively reproduced the effects of cAMP, 2) pharmaco-
logical antagonists of PKA activity effectively attenuated the
effects of cAMP, and 3) mutation of a candidate PKA-specific
phosphorylation site on ErbB2 effectively antagonized the syn-
ergistic action PKA-stimulating agents on ErbB2-ErbB3 activa-
tion. Moreover, we validated our results by confirming that
PKA activation synergistically increases neuregulin-induced
ErbB2-ErbB3 signalingwhen both receptors are ectopically and
transiently overexpressed in a reconstituted system in
HEK293T cells. This observation extends the biological signif-
icance of the PKA-neuregulin cross-talk at the ErbB2-ErbB3
receptor level to other systems expressing this receptor hetero-
dimer, such as cancer cells, where the uncontrolled expression
or activity of ErbB2-ErbB3 has long been linked to tumorigen-
esis (42, 43).
A significant consequence of the gating action of PKA at the

neuregulin receptor level is that the flow of information
through the ligand-activated ErbB receptors is greatly ampli-
fied, without compromising the high specificity of ErbB-medi-
ated pathways or the cell’s dependence on neuregulin for the
response in cell division. Moreover, the presence of neuregulin
was strictly required to ignite ErbB activation, because PKA
activation could notmimic the effect of neuregulin in triggering
the phosphorylation of tyrosine residues on either ErbB2 or
ErbB3. Much recent work has indicated, however, that cAMP
signaling cross-talks at different levels along RTK-induced
pathways exerting either a positive or a negative effect on RTK
downstream signaling (19, 29, 44). Because different RTKs use
many common effectors, such as Ras-Raf-MEK-ERK and PI3K-
PDK-Akt, an action of cAMP on any of these possible interme-
diates might subvert the requirement for a specific growth fac-
tor or change important properties of the transduction
mechanism. Our results indicate that, in the absence of neu-
regulin, for example, cAMP inhibits Akt activation through an
as yet undefined mechanism, suggesting that another level of

FIGURE 5. Adenosine and epinephrine synergistically enhance neuregu-
lin-stimulated proliferation, ErbB2-ErbB3 activation, and MEK-ERK/
PI3K-Akt signaling in human SCs. A, stimulation of PKA activity by adeno-
sine and epinephrine in human SCs. Cells were treated with adenosine (200
�M), epinephrine and isoproterenol (10 �M each) for 30 min, fixed and immu-
nostained (IF, left panel) or analyzed by Western blot (WB, right panel) using
phospho-PKA substrate antibodies. Scale bar � 15 �M. DAPI, 4�,6-diamidino-
2-phenylindole. B, effect of adenosine and epinephrine on DNA synthesis.
Cells were stimulated with increasing concentrations of adenosine (10, 100,
and 200 �M), epinephrine and isoproterenol (1, 10, and 20 �M each) in the
absence and presence of neuregulin and the incorporation of [3H]thymidine
was measured 48 h post-stimulation. Forskolin (2 �M) was used as a positive
control. C, effect of adenosine and epinephrine on signaling pathways down-
stream of ErbB2-ErbB3 activation. Cells were stimulated with adenosine, epi-
nephrine, and isoproterenol (as indicated in A), in the absence or presence of
neuregulin (10 nM) for 4 h. Cells were lysed and analyzed by Western blot
using the antibodies indicated in the figure.
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signal integration, though negative, operates between cAMP
and Akt pathways in SCs. Our results suggest that, only in the
presence of neuregulin, cAMP acts as an enhancer of Akt sig-
naling in SCs. Therefore, the high specificity and amplification
potential of the action of PKA at the receptor level might con-
tribute to override or compensate for the negative regulation
that cAMP exerts simultaneously on the PI3K-mediated activa-
tion of Akt. However, further experimentation is required to
analyze this interesting possibility.
It is well recognized that cAMPmight use the same intracel-

lular mediators to either directly transduce signals in the cyto-
plasm and nucleus or to act as a gate for other pathways (18).
Even though PKA has been suggested tomimic EGF action and
directly trigger tyrosine phosphorylation of EGF receptor (36,
45), our results clearly indicate a particular case of PKA-medi-

ated gating in the synergistic enhancement of neuregulin-de-
pendent ErbB2-ErbB3 activation by PKA. To the best of our
knowledge, evidence for RTK gating by cAMP has only been
reported for TrkB receptors in hippocampal neurons. In that
case, cAMP increases BDNF-induced TrkB tyrosine phospho-
rylation and dendritic spine formation, without inducing an
effect when administered alone (46). However, the mechanism
underlying the regulation of TrkB by cAMP was not defined.
Our findings indicate a pivotal role of PKA in enhancing both
the auto- and trans-phosphorylating activity of ligand-acti-
vated ErbB2. We also identified Thr-686 as a highly conserved
regulatory PKA phospho-acceptor site in the intracellular
domain of ErbB2, which serves as an in vitro and in vivo sub-
strate for PKA-mediated phosphorylation. Most importantly,
our results indicate that the phosphorylation of this threonine

FIGURE 6. PKA phosphorylates ErbB2 on the highly conserved PKA consensus site Thr-686. A, sequence alignment of known ErbB/HER2 protein
sequences from diverse species showing high conservation of the potential PKA phosphorylation site homologous to Thr-686 from the human ErbB2 sequence
(arrow). Gray area: conserved motif ([RK/KK]-X-[T]) in the ErbB2 sequence, which matches a predicted consensus PKA phosphorylation site. B, phosphorylation
of ErbB2 by PKA on Thr-686 in vitro using purified active PKA catalytic subunit (PKA active) and different concentrations of a bacterially expressed purified
preparation of GST-ErbB2 intracellular domain as a substrate in the kinase reaction (left panel). Reactions were also performed in the absence and presence of
a specific PKA inhibitory peptide (“Experimental Procedures”) to confirm the specificity of the kinase reaction (right panel). Reaction products were analyzed by
Western blot using the antibodies indicated in the figure. C, phosphorylation of ErbB2 on Thr-686 by PKA in vivo. Where indicated, HEK293T cells were
transfected with pcDNAIII-ErbB2 alone or in combination with expression vectors encoding ErbB3 and/or the active PKA catalytic subunit (PKA), as described
under “Experimental Procedures.” Total lysates were analyzed by Western blot using anti-phospho ErbB2 Thr-686 antibody (upper panel) and total ErbB2
(center) and ErbB3 (lower panel) antibodies, as a control for ErbB2 and ErbB3 expression. D, stimulation of ErbB2 phosphorylation on Thr-686 by PKA-stimulating
agents in SCs. Mitogen-starved SCs were treated with forskolin (2 �M) for 10 min and 4 h, or alternatively with adenosine (200 �M), epinephrine and isoprot-
erenol (10 �M each) for 30 min. Cells were lysed and analyzed by Western blot using anti-phospho ErbB2 Thr-686 and total ErbB2 (control) antibodies. E, point
mutation of Thr-686 abolishes PKA-mediated phosphorylation of ErbB2. HEK293T cells were transfected with pcDNAIII-ErbB2 wild type (-WT) or with a mutated
construct carrying an alanine replacement of Thr-686 (-T686A). ErbB2 constructs were transfected alone or in combination with an expression vector encoding
the catalytic subunit of PKA (PKA). Experiments were performed essentially as described in C. In C–E, lower panels show the expression of phosphorylated
cellular PKA substrates as a control for the effect of the PKA-inducing treatments. Note that the induction of high levels of PKA activity by forskolin is sustained
with time in SCs and clearly coincides with the phosphorylation of ErbB2 on Thr-686. NT, non-transfected cells.
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residue on ErbB2 plays an essential role in the synergistic action
that PKA exerts on neuregulin-initiated ErbB2 tyrosine kinase
activity, and therefore on the enhanced activation of ErbB3,
MEK-ERK, and PI3K-Akt signaling. Indeed, replacement of the
PKA target site on ErbB2 did not impair either the basal or the
neuregulin-dependent tyrosine kinase activity of ErbB2, but
dramatically diminished the cooperating activity of neuregulin
and PKA-stimulating agents on ErbB2 activation, thus suggest-
ing that phosphorylation of Thr-686 is only required for the
ligand-dependent gating of ErbB2 in response to PKA activa-
tion. In a previous study, it was proposed that the phosphoryl-
ation of Thr-686 contributes to amplify ErbB2 signaling by
enhancing the stability of ligand-bound ErbB2 heterodimers
(22). In fact, the prolonged activation of neuregulin-dependent
ErbB2-ErbB3 activation that we have observed in the presence
of PKA activation supports the concept of enhanced receptor

stability. However, understanding the details of the molecular
mechanism of PKA-mediated gating of activated ErbB2-ErbB3
dimers requires further investigation.
cAMP has the ability to either stimulate or inhibit cell prolif-

eration in a cell type-specific manner (19); however the
differential contribution of PKA and EPAC is not completely
understood. In this study we show that stimulation of SCs with
PKA-selective cAMP analogs enhanced neuregulin-induced
S-phase entry. In contrast, the selective activation of EPAC had
an overall antiproliferative effect. In peripheral nerve fibro-
blasts, increases in intracellular cAMP, as well as EPAC-selec-
tive activation, reduced growth factor-induced proliferation,
confirming the cell type specificity of the cellular response to
cAMP. The mechanism by which EPAC exerts negative effects
on cell cycle progression is unknown, because the activation of
EPAC-Rap1 by cAMP appears not to be linked to the activation

FIGURE 7. PKA enhances neuregulin-induced ErbB2 and ErbB3 activation and DNA synthesis through the phosphorylation of ErbB2 on Thr-686. A and
B, phosphorylation of ErbB2 on Thr-686 is required for the increased neuregulin-dependent ErbB2-ErbB3 activation by PKA but not for neuregulin-induced
tyrosine kinase activity of ErbB2, in transfected HEK293T cells. HEK293T cells were transfected with expression vectors encoding either ErbB2-WT or ErbB2-
T686A, together with ErbB3, and stimulated for 10 min with neuregulin alone (A) or for 1 h with neuregulin, in the absence and presence of forskolin or
6-Bnz-cAMP (B). Total cell lysates were analyzed by Western blot using the activation state and total antibodies indicated in the figure. C and D, phosphorylation
of ErbB2 on Thr-686 is required for the increased neuregulin-dependent S-phase entry (C) and ErbB2-ErbB3 activation (D) by PKA in SCs. SCs were transfected
(“Experimental Procedures”) with either ErbB2-WT or ErbB2-T686A expression vectors and stimulated for 4 h for Western blot analysis (D) or for 48 h in the
presence of [3H]thymidine for proliferation assays (C). Experimental conditions were identical to those described in previous figures. An arrowhead is shown
where Western blot images from the same gel were cut and consolidated into one single image.
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of either ERK, as previously reported (26), or Akt (our results),
inSCs.BecauseEPACactivationsignificantlyreducesneuregulin-
dependent SCproliferationwithout reducing either the basal or
the neuregulin-initiated activation of MEK, ERK, or Akt, we
believe that EPAC-Rap1 reduces proliferation by targeting an
event that lies downstream or is independent of ERK or Akt
signaling. Indeed, further studies are required to address the
question of the specific involvement of Rap1 in the inhibition of
cell proliferation by 8-CPT-cAMP. A differential role of PKA
and EPAC on cell proliferation was described in PC12 cells. In
this neuronal cell line, the activation of PKA promoted cell
proliferation, whereas the activation of EPAC not only reduced
proliferation but also enhanced neurite outgrowth (45). In
human SCs, however, EPAC inhibits proliferation without
inducing differentiation, because we did not detect an increase
in the expression of differentiation markers in SCs stimulated
with the EPAC-selective analog 8-CPT-cAMP (data not
shown). In addition, caution should be taken when interpreting
results coming from the use of 8-CPT-cAMP as an EPAC acti-
vator. Even though 8-CPT-cAMP is an excellent pharmacolog-
ical tool to discriminate between EPAC- and PKA-mediated
pathways it might not exactly mimic EPAC-mediated cellular
responses evoked by drugs or hormones stimulating cAMP.On
one hand, this EPAC-selective analog induces a strong and a
likely non-physiological activation of EPAC; on the other hand,
it is able to do so without inducing PKA activation, a condition
thatmight never reproduce in a physiological context, given the

higher affinity of PKA compared with EPAC for the binding of
cAMP (16).
Overall, the present evidence suggests that the biological

outcome of an elevated concentration of cAMP in SCs is highly
dependent on the specific set of effectors activated. In fact, it is
highly likely that the counterbalancing action of the pro-mito-
genic effects of PKA and the anti-proliferative action of EPAC
might underlie the overall response in cell proliferation to
agents increasing cAMP. This also suggests the interesting pos-
sibility that a change in the spectrum or the balance of
expressed PKA versus EPAC isoforms could allow SCs to
respond differently to signals using the cAMP second messen-
ger system. SCs are above all exquisite cells in their relationship
to axons, because key features of SC function such asmigration,
survival, proliferation, and myelination are strictly dependent
on active axonal signals, including axonal neuregulins (47).
However, how neuregulins control so many cellular behaviors
that are so diverse in SCs is poorly understood. The present
findings clearly indicate that ErbB signaling is feasible to be
gated, and therefore modulated, by PKA, at the ErbB2-ErbB3
receptor level. We have also identified adenosine and epineph-
rine as direct PKA activators and candidate physiological regu-
lators of neuregulin-dependent ErbB activation in the control
of SC proliferation. In this sense, PKAmight exert a biologically
relevant level of cell signaling integration for the transition
through different developmental stages in SCs subjected to a
continuous stimulation by axonal neuregulins.
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