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Abstract
G protein (heterotrimeric guanine nucleotide–binding protein)–coupled receptor (GPCR)–
mediated increases in the second messenger cyclic adenosine monophosphate (cAMP) activate the
mitogen-activated protein kinase (MAPK) extracellular signal–regulated kinase (ERK), and in
neuroendocrine cells, this pathway leads to cAMP-dependent neuritogenesis mediated through
Rap1 and B-Raf. We found that the Rap guanine nucleotide exchange factor Rapgef2 was
enriched from primary bovine neuroendocrine cells by cAMP-agarose affinity chromatography
and that it was specifically eluted by cAMP. With loss-of-function experiments in the rat neuronal
cell line Neuroscreen-1 (NS-1) and gain-of-function experiments in human embryonic kidney
293T cells, we demonstrated that Rapgef2 connected GPCR-dependent activation of adenylate
cyclase and increased cAMP concentration with the activation of ERK in neurons and endocrine
cells. Furthermore, knockdown of Rapgef2 blocked cAMP- and ERK-dependent neuritogenesis.
Our data are consistent with a pathway involving the cAMP-mediated activation of Rapgef2,
which then stimulates Rap1, leading to increases in B-Raf, MEK, and ERK activity.

INTRODUCTION
Cyclic adenosine monophosphate (cAMP) plays a central role as a second (intracellular)
messenger for the transduction of signals regulating cellular metabolism, secretion, and
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plasticity by hormones and other first messengers that act through plasma membrane
receptors (1). cAMP-dependent protein kinase A (PKA) was identified as the major
downstream effector of intracellular cAMP, acting as a cAMP sensor and in turn transducing
cAMP-initiated signaling to further downstream cellular targets (2, 3). Investigations of the
cellular actions of PKA led to the working hypothesis that all of the biological effects of
cAMP within cells might be PKA-dependent (4). By the 1990s, however, additional cAMP
sensors were identified. These include the Rap guanine nucleotide exchange factors (GEFs)
Epac1 and Epac2 (5, 6) and the hyperpolarization-activated potassium (HCN) and calcium
(CNGC) cyclic nucleotide–gated channels (7, 8). All known cAMP sensors, with the
exception of the channels, exert their effects indirectly through the activation of enzyme
activities within the cell. Thus, the regulatory (R) subunit of PKA releases an active serine
and threonine kinase upon binding to cAMP, and cAMP-bound Epacs promote the exchange
of guanosine triphosphate (GTP) for guanosine diphosphate (GDP) on the small guanosine
triphosphatases (GTPases) Rap1 and Rap2 (5, 6). Extracellular signal–regulated kinase
(ERK) is a member of the mitogen-activated protein kinase (MAPK) family, with protean
functional roles in cell physiology (9). In the nervous system, ERK mediates cAMP-
dependent intracellular effects, including synaptic plasticity underlying memory formation
and neurodegeneration-dependent receptor supersensitivity (10–12). G protein
(heterotrimeric guanine nucleotide–binding protein)–coupled receptors (GPCRs) are the best
candidates for stimulating an increase in cAMP concentration in cells of the nervous system
that could, in turn, control ERK activation. However, it has long been assumed that GPCR-
initiated increases in cAMP concentration and ERK activation are separate and well-
insulated signaling pathways (13, 14). In any event, no cAMP sensor leading directly to
ERK activation has ever been found.

In 2002, we identified a cAMP-dependent pathway in adreno-medullary chromaffin cells
with properties suggestive of a previously un-characterized noncanonical (that is, non-PKA)
cAMP sensor that mediates enhanced gene transcription through MAPK signaling (15). This
pathway is stimulated by the neuropeptide pituitary adenylate cyclase–activating
polypeptide (PACAP) upon binding to its Gs-coupled receptor PAC1 or by other agents that
mimic cAMP or increase its abundance, such as the diterpene activator of adenylate cyclase
(AC), forskolin. We subsequently identified cAMP sensor cellular functionality not
associated with PKA in PC12 and Neuroscreen-1 (NS-1) cells that mediates GPCR-initiated,
cAMP-and ERK-dependent signaling for neuritogenesis, the extension and growth of the
processes (neurites) that mediate intercellular communication between fully differentiated
neurons (16–19). Here, we identified Rapgef2 as a cAMP-binding protein in endocrine cells.
Increased intracellular concentrations of cAMP enhanced the Rapgef2-dependent activation
of Rap1, which in turn associated with B-Raf to enable the activation of ERK and
subsequent neuronal- and endocrine-specific cellular outcomes, such as induction of
neuroendocrine-specific genes and extension of neuritic processes (neuritogenesis).

RESULTS
cAMP activates ERK in chromaffin cells and neurons in a PKA-independent manner

We previously established that a cAMP-dependent pathway that was independent of PKA
and Epac mediates ERK activation, leading to neurito-genesis in neuroendocrine cell lines
(18, 19). Here, we wished to determine whether this pathway was relevant to cell signaling
in primary neuronal and endocrine cells. In primary cultures of bovine chromaffin cells,
activating the PAC1 receptor with 100 nM PACAP or increasing the intracellular cAMP
concentration with 10 μM forskolin caused statistically significant increases in the
abundance of the mRNA of the neuropeptide galanin (Fig. 1, A and B), a hallmark of
PACAP-dependent activation of chromaffin cells during stress-induced splanchnic nerve
firing in vivo (20). This induction was not blocked by the PKA inhibitor H-89 (Fig. 1, A and
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B). Treatment of the chromaffin cells with 100 nM PACAP or 100 μM 8-(4-
chlorophenylthio)-cAMP (8-CPT-cAMP) (a pan-specific cAMP analog) for 10 min
enhanced the extent of ERK phosphorylation compared to that in untreated cells (Fig. 1C).
H-89 failed to block ERK activation in response to either agent (Fig. 1C), but it did block
the phosphorylation of the transcription factor cAMP response element (CRE)–binding
protein (CREB) at Ser133 in response to either PACAP or 8-CPT-cAMP (Fig. 1D). ERK
phosphorylation in response to either PACAP- or forskolin-induced increases in cAMP
concentration was statistically significantly increased for at least 1 hour (fig. S1). Induction
of the expression of the gene encoding galanin by PACAP or forskolin was blocked by the
mitogen-activated or extracellular signal–regulated protein kinase kinase (MEK) inhibitor
U0126 (Fig. 1, A and B), which inhibits the activation of ERK. These data suggest that
cAMP-induced ERK activation and the subsequent increase in progalanin mRNA abundance
in chromaffin cells occur through a noncanonical (PKA-independent) signaling pathway.

The PKA- and Epac-independent pathway also appears to underlie the cAMP-dependent
ERK activation stimulated by PACAP in the central nervous system. The hypothalamus is
the likely site of action of PACAP in mediating the response of the central nervous system
to psychogenic stress (21–24). In primary cultures of hypothalamic neurons, 100 nM
PACAP and 100 μM 8-CPT-cAMP stimulated ERK phosphorylation through a signaling
pathway that was insensitive to the inhibition of PKA by H-89, but was blocked by the AC
inhibitor SQ22,536 (Fig. 1E). Similar results were obtained with primary neuronal cultures
of the hippocampus (Fig. 1E), the region in which PACAP affects the balance between long-
term potentiation and long-term depression in a cAMP-dependent fashion (25, 26), and in
primary neuronal cultures of the cerebral cortex, which we have reported to exhibit both
H-89–sensitive and H-89–insensitive gene induction by PACAP and forskolin (27).

Rapgef2 is a cAMP-binding protein present in bovine chromaffin cells
Having established a cellular function for the PKA- and Epac-independent pathway by
which cAMP activates ERK signaling, we attempted to identify a cAMP-binding protein in
chromaffin cells that might mediate this pathway. We used cAMP-agarose affinity
chromatography to perform unbiased selection and enrichment of both known and
previously uncharac-terized cAMP-binding proteins (28) from chromaffin cells, which was
followed by a combination of mass spectrometric analysis, antibody screening, and
expression profiling to identify potential candidates. On the basis of their enrichment and
purification by cAMP-agarose, we identified glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) and the PKA regulatory (RIIβ) subunit as cAMP-binding proteins in chromaffin
cells, but we eliminated them as candidates for the cAMP-binding protein in the pathway
under investigation based on their known signaling pharmacology. We found that Rapgef2
(also known as CNrasGEF, PDZ-GEF1, RA-GEF, and nRapGEP) was enriched upon
cAMP-agarose affinity chromatography of proteins in these cells (Fig. 1F). Rapgef2
contains a noncanonical cyclic nucleotide–binding motif (29) and was previously reported as
a non–cAMP-binding protein (29–31). However, one group reported that recombinant
protein translated from the open reading frame of the cloned human Rapgef2 binds to cAMP
and cyclic guanosine monophosphate (cGMP) in vitro, although in that report, the protein
was characterized as a cyclic nucleotide–stimulated GEF for Ras rather than Rap (32).
Furthermore, Rapgef2 protein is considerably more abundant in the central nervous system
than in nonnervous tissue, and genetic ablation of Rapgef2 in mice leads to developmental
defects in the central nervous system (33).

cAMP-induced ERK activation and neuritogenesis in NS-1 cells requires Rap1 and B-Raf
If Rapgef2 mediates cAMP-dependent ERK activation in neuroendocrine cell lines, then this
pathway would require Rap-dependent activation of a protein kinase, such as Raf, to lead to
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downstream activation of MEK and ERK. PC12 cells respond to an increase in the
intracellular cAMP concentration by assuming a neuronal-like phenotype that includes
growth arrest, extension of neurites, and expression of neuronal- and endocrine-specific
genes (34, 35). These processes occur by multiple distinct signaling pathways operating in
concert (36–38). We previously showed that the small GTPase Rap1 is necessary for
PACAP-induced, cAMP-dependent neuritogenesis in PC12 cells (17) and characterized a
PKA- and Epac-independent pathway that mediates cAMP-dependent signaling through
ERK in NS-1 cells (18, 19).

Treatment of NS-1 cells with PACAP resulted in activation of Rap1, as measured by the
binding of GTP-loaded Rap1 to agarose-immobilized RalGDS, a recombinant protein that
binds Rap1 only when the latter is activated (that is, when it is bound to GTP rather than
GDP) (Fig. 2A). PACAP-induced Rap1 activation was blocked by the specific AC inhibitor
2′,5′-dideoxyadenosine (ddAd) (Fig. 2A), indicating that PACAP-induced Rap1 activation
was cAMP-dependent. PACAP-induced Rap1 activation was also blocked by trans-
farnesylthiosalicylic acid amide (FTS-A) (Fig. 2A), a Rap1 inhibitor that blocks GTP
loading of Rap1 and its downstream effector function, that is, the activation by GTP-loaded
Rap1 of the kinase activity of B-Raf (39). The pan-specific cAMP analog 8-CPT-cAMP
mimicked the effects of PACAP to activate Rap1 in NS-1 cells (Fig. 2B), which was
partially blocked by 1 mM SQ22,536 (Fig. 2B). SQ22,536 did not block the effect of the
Epac-specific cAMP analog 8-CPT-2′-O-Me-cAMP, which activates only a fraction of the
complement of cellular Rap1 that is activated by PACAP or 8-CPT-cAMP (Fig. 2B). We
previously reported that SQ22,536 blocks cAMP-dependent ERK activation without
affecting Epac-dependent Rap activation or PKA-dependent phosphorylation of CREB in
these cells (18). Therefore, the present data suggest that the PKA- and Epac-independent
activation of ERK involves the activation of a pool of Rap1 that is distinct from that
activated by Epac.

We wanted to determine whether cAMP-dependent Rap1 activation was necessary for the
cAMP-dependent activation of ERK. The transcription factor Elk1 mediates gene
transcription in response to ERK activation in mammalian cells (40). We found that 500 μM
8-Br-cAMP, a cell-permeable analog of cAMP, activated Elk1 in NS-1 cells harboring a
GAL4-Elk1 fusion protein and a GAL4-luciferase gene, thus acting as an Elk1-dependent
gene reporter system. The effect of 8-Br-cAMP was potently inhibited by the Rap1 inhibitor
FTS-A (Fig. 2C), further indicating a role for Rap1 in cAMP-dependent ERK activation. To
pharmacologically test whether Rap1 was a component of the cAMP-ERK signaling
pathway that leads to ERK-dependent neuritogenesis, we treated NS-1 cells with 100 nM
PACAP for 48 hours in the absence or presence of varying concentrations of FTS-A, which
dose-dependently inhibited PACAP-induced neuritogenesis (fig. S2), suggesting that Rap1
was a component of the cAMP-dependent signaling pathway that leads to neurite extension.
PKA-dependent Rap1 activation has been suggested to lead to the differentiation of PC12
cells (41). To examine the contribution of PKA to cAMP-dependent Rap1 activation, we
treated NS-1 cells with both H-89 and 8-CPT-cAMP (Fig. 2B). H-89 had no effect on Rap1
activation induced by 8-CPT-cAMP, indicating that PKA was not involved in cAMP-
dependent Rap1 signaling, at least in NS-1 cells.

Rap1 activates ERK through B-Raf (41, 42). We therefore measured the potency and
efficacy of the B-Raf inhibitor PLX4720 in blocking 8-Br-cAMP–induced Elk1 induction.
Inhibition of B-Raf with PLX4720 or of MEK with U0126 effectively inhibited 8-Br-
cAMP–dependent Elk1 acti-vation with respective IC50 (median inhibitory concentration)
values of 300 nM and 1 μM (Fig. 2D). Inhibition of B-Raf with PLX4720 also blocked
PACAP-induced neuritogenesis in NS-1 cells treated for 48 hours (fig. S3). Because FTS-A
and PLX4720 inhibited PACAP-induced Elk1 activation and neuritogenesis, we
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hypothesized that they both would also inhibit PACAP-induced ERK activation. We found
that 100 nM PACAP-38 caused a statistically significant increase in ERK phosphorylation
(Fig. 2E). Both FTS-A and PLX4720 significantly blocked the effect of PACAP-38 on ERK
activation, whereas H-89 had no effect (Fig. 2E), indicating that the targets of these two
inhibitors were components of the cAMP-ERK signaling pathway. Although cAMP-
dependent Rap1 activation leads to neuritogenesis through ERK, the cAMP-dependent
activation of Rap1 that occurs through Epac neither activates ERK nor causes neuritogenesis
(19). These results are again consistent with the activation of distinct functional pools of
Rap1 in NS-1 cells (43).

Knockdown of Rapgef2 ablates cAMP-dependent ERK activation and neuritogenesis
Pharmacological delineation of the complete signaling pathway from GPCR-dependent
increases in intracellular cAMP concentration to neuritogenesis enabled us to directly test
the hypothesis that the factor mediating PKA-and Epac-independent ERK activation in NS-1
cells was a Rap GEF. There are six members of the Rapgef protein family (fig. S4), four of
which have actual or putative cAMP-binding domains (44). We demonstrated that Rapgef2
was purified directly from bovine chromaffin cells through its cAMP-binding property (Fig.
1F), and that PKA- and Epac-independent ERK activation required Rap1 activation (Fig. 2).
Accordingly, we performed loss-of-function studies for Rapgef2 in NS-1 cells. We used
lenti-virally expressed short hairpin RNA (shRNA) specific for Rapgef2 to generate a stably
transduced NS-1 cell line deficient in Rapgef2. In this cell line, Rapgef2 protein abundance
was substantially lower than that in wild-type cells or in cells stably transduced with the
same lentivirus-based vector encoding scrambled shRNA (Fig. 3A). The generation of
cAMP in response to PACAP, cholera toxin, or forskolin was not affected by Rapgef2
knockdown (fig. S5, A and B). Moreover, Epac function, as determined by measuring Rap1
activation upon exposure to the Epac-specific cAMP analog 8-CPT-2′-O-Me-cAMP, was
normal in Rapgef2 knockdown cells (fig. S5C).

We found that 100 nM PACAP, 25 μM forskolin, cholera toxin (50 μg/ml), or 100 μM 8-
CPT-cAMP induced ERK activation in NS-1 cells expressing scrambled shRNA, whereas
these agents failed to stimulate ERK activation in cells expressing Rapgef2-specific shRNA
(Fig. 3B). In contrast, nerve growth factor (NGF)– and fibroblast growth factor (FGF)–
dependent ERK activation was of similar magnitude in cells expressing scrambled shRNA
or Rapgef2-specific shRNA. All of the agents tested caused significant neurite elongation in
cells expressing scrambled shRNA, whereas in Rapgef2-knockdown cells, only NGF and
FGF stimulated neuritogenesis (Fig. 3C and fig. S6). Thus, Rapgef2 was necessary for
neuritogenesis dependent on cAMP-ERK signaling, but not for neuritogenesis stimulated by
growth factors that activate ERK through cAMP-independent mechanisms.

The cAMP-dependent association between Rap1 and B-Raf requires Rapgef2
Because inhibition of B-Raf blocked cAMP-dependent activation of ERK and Elk1 (Fig. 2,
D and E, and fig. S3), we tested the hypothesis that Rapgef2 was necessary for the activation
of B-Raf by Rap1 in the context of increased intracellular cAMP concentration. We treated
cells expressing either scrambled shRNA or Rapgef2-specific shRNA with 100 μM 8-CPT-
cAMP or 100 μM 8-CPT-2′-O-Me-cAMP and measured the association between Rap1 and
B-Raf by affinity-purifying B-Raf by immunoprecipitation and then analyzing the samples
by Western blotting to detect Rap1. In cells expressing scrambled shRNA, the association
between Rap1 and B-Raf was enhanced by 8-CPT-cAMP, but not 8-CPT-2′-O-Me-cAMP
(Fig. 3D), and was not observed in cells expressing Rapgef2-specific shRNA. These data
suggest that Rapgef2 is necessary for the cAMP-stimulated association between Rap1 and
B-Raf. Furthermore, we conclude that the pool of Rap1 activated by Epac does not associate
with B-Raf.
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Expression of Rapgef2 in human embryonic kidney 293T cells enables cAMP-Rap1-ERK
signaling

Rapgef2 mRNA and protein are abundant in neural tissues (32, 45). With an antibody
against mammalian Rapgef2, we determined that Rapgef2 protein was enriched in cell lines
of neuronal and endocrine origin; we detected bands of ~166 kD (major) and ~100 kD
(minor) corresponding to Rapgef2 protein that were absent in nonneuronal and nonendocrine
cell lines (Fig. 4A). The minor band likely represents a proteolysis fragment of intact
Rapgef2 (46). We selected human embryonic kidney (HEK) 293T cells as a system in which
to determine whether expression of Rapgef2 could reconstitute cAMP-ERK signaling.
Transduction of HEK 293T cells with a retroviral vector expressing human Rapgef2
(hRapgef2) resulted in the detection of the major and minor Rapgef2 antibody–
immunoreactive protein bands found endogenously in human neuroblastoma cells (Fig. 4B).
We used HEK 293T cells stably expressing exogenous rPAC1 receptors and endogenous β2-
adrenergic receptors (βARs) that were or were not transduced with the hRapgef2-expressing
retrovirus to test the hypothesis that Rapgef2 was necessary for cAMP-induced ERK
phosphorylation initiated through Gαs-coupled GPCR-mediated activation of AC. We
measured the extent of ERK phosphorylation after stimulation of cells with the PAC1 ligand
PACAP, the βAR agonist isoproterenol, the AC activator forskolin, the Gαs stimulator
cholera toxin, the cAMP analog 8-Br-cAMP, or the protein kinase C activator phorbol
myristate acetate (PMA) (Fig. 4C). We found that only isoproterenol and PMA significantly
increased ERK phosphorylation in HEK 293T cells in the absence of hRapgef2 (Fig. 4C),
whereas in HEK 293T cells expressing exogenous hRapgef2, all of the agents tested resulted
in substantial increases in ERK phosphorylation (Fig. 4D). These data suggest that
expression of Rapgef2 confers upon an epithelial cell line the cAMP-dependent activation of
ERK present in Rapgef2-expressing neuroendocrine cells that we have previously
characterized (17–19). The expression of Rapgef2 did not result in additional ERK
activation in response to isoproterenol, even though isoproterenol and PACAP induced a
CRE reporter gene (CRE-luciferase) to a similar extent in the same cell line (table S1).
These observations imply that cAMP-dependent activation of ERK is restricted to a subset
of Gs-coupled GPCRs (47).

With the same cell lines, we next measured cAMP-induced Rap1 activation. We treated the
cells with either 100 μM 8-CPT-cAMP or 100 μM 8-CPT-2′-O-Me-cAMP (Fig. 4E). In cells
devoid of Rapgef2, both cAMP analogs caused Rap1 activation to a similar extent (Fig. 4E).
That a pan-specific analog of cAMP (8-CPT-cAMP) and a selective Epac activator (8-
CPT-2′-O-Me-cAMP) had similar effects on Rap1 activation suggests that cAMP activates
only Epac to stimulate Rap1 in cells that do not have Rapgef2. In contrast, 8-CPT-cAMP
resulted in greater activation of Rap1 in hRapgef2-expressing cells than did 8-CPT-2′-O-
Me-cAMP (Fig. 4E), demonstrating that exogenous Rapgef2 made an additional pool of
Rap1 accessible to cAMP.

We showed that Rapgef2 is present in primary endocrine and neuronal cells in which the
PKA- and Epac-independent, cAMP-dependent activation of ERK was mediated by an
SQ22,536-sensitive mechanism. Knockdown of Rapgef2 in NS-1 cells resulted in loss of
cAMP-dependent activation of Rap, B-Raf, ERK, and Elk1 and inhibited neuritogenesis,
whereas PKA-and Epac-dependent signaling was completely preserved. Expression of
hRapgef2 in HEK 293T cells (which did not previously exhibit ERK activation by PACAP,
cholera toxin, or cell-permeant cAMP analogs) conferred ERK activation by all of these
agents upon these cells. Together, these results suggest that Rapgef2 mediates, or albeit less
likely, is permissive for, GPCR-Gs–initiated, cAMP-regulated activation of ERK. Rapgef2
has also been reported to activate Ras rather than Rap in a cAMP- and cGMP-dependent
fashion in vitro; however, we found that activation of Elk1 by cAMP in NS-1 cells was not
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mimicked by equivalent doses of cGMP (fig. S7). The observed signaling connections
leading to ERK activation and neuritogenesis initiated by increased intracellular cAMP are
depicted, in the context of parallel signaling through PKA and Epac that leads to other
cellular outcomes, in Fig. 5.

DISCUSSION
Rapgef2 appears to fulfill the criteria to identify it as a mediator of the PKA- and Epac-
independent, cAMP-dependent activation of ERK signaling in neuronal and endocrine cells.
Rapgef2 is expressed in primary chromaffin cells, in which the cAMP-ERK signaling
pathway was first reported, and was enriched from these cells by cAMP-affinity
purification. Rapgef2 is expressed in NS-1 cells, where its expression was required for
cAMP coupling to a Rap1–B-Raf–ERK pathway that was sufficient for Elk1 activation and
neuritogenesis. Expression of Rapgef2 in non-neuroendocrine cells reconstituted the cAMP-
Rap1-ERK signaling pathway observed in neuronal and endocrine cells. We propose that
Rapgef2 binds and is directly activated by cAMP, leading to GTP loading of Rap1,
activation of B-Raf, and the subsequent activation of ERK by MEK, leading to long-term
functional effects, including activation of the nuclear transcription factor Elk1, gene
transcription in neuronal and endocrine cells, and altered cellular morphology; however, this
hypothesis awaits further experimental confirmation, including the demonstration that
mutations in Rapgef2 that impair cAMP binding in vitro correspondingly impair Rapgef2-
dependent cAMP-initiated activation of ERK in intact cells.

Our finding of a GPCR-dependent signaling pathway connecting increases in cAMP
concentration to ERK phosphorylation has implications for neurobiology. First, Rapgef2 in
Drosophila and Caenorhabditis elegans is neither neuronal-specific nor dedicated to the
activation of ERK (48–50). This suggests that the reported neuronal- and endocrine cell–
specific expression of this protein in mammals may reflect a previously unsuspected
evolutionary specialization of this pathway. Second, Rap1 is implicated in the cAMP-
dependent activation of ERK that is important for hippocampal function underlying learning
and memory, albeit the sensor mediating cAMP-dependent Rap1 activation has not yet been
identified (11). We suggest that Rapgef2 may be a candidate for this role. Similarly,
competition for regulation of ERK activation by cAMP and Ras in tumors of neural crest–
derived cells, such as melanoma (51), may involve Rapgef2 or a closely related cAMP
sensor. Finally, distinct cellular pools of Rap1 might partition signaling by Rapgef3/4 (Epac)
and Rapgef2 (Fig. 5), thus generating two distinct pathways for Rap1 activation by cAMP
that depend specifically on their upstream activators.

In the case of Rapgef2, activation appears to be quite specific for at least one member of the
family B GPCRs. It is of immediate importance to determine what other GPCR family
members might be able to activate the cAMP–Rapgef2–ERK pathway, and which of these
might modulate the cAMP-dependent ERK activation that underlies the cellular plasticity
required for complex neuronal function, such as memory formation. Our observation of the
lack of Rapgef2 activation by β2AR signaling suggests that not all Gαs-coupled GPCRs can
activate Rapgef2, either at the level of GPCR-Gαs–AC coupling or of the association
between AC and Rapgef2. PDZ-containing signaling proteins can assemble multiple
components for signaling, often with a high degree of isoform-specific mutual recognition
(52). The PDZ domain of Rapgef2 may function to provide differential linkage to Rap1–B-
Raf–MEK–ERK signaling cassettes, as suggested previously (53). Obviously, additional
details will need to be filled in to fully define the role of Rapgef2 at the cellular and systems
levels in neuronal and endocrine signaling circuits.
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MATERIALS AND METHODS
Drugs and reagents

Forskolin, isoproterenol, ddAd, PMA, NGF, and FGF were obtained from Sigma. Cholera
toxin (sodium azide–free), H-89, and U0126 were purchased from Calbiochem. SQ22,536
was purchased from Tocris Cookson, and PACAP-38 was purchased from Phoenix
Pharmaceuticals. The cAMP analogs 8-bromo-cAMP (8-Br-cAMP), 8-CPT-cAMP, and 8-
CPT-2′-O-Me-cAMP (007) were purchased from Biolog Life Science Institute. PLX4720
was purchased from Selleckchem. FTS-A was obtained from Cayman Chemical Company.
For all studies with small-molecule inhibitors, cells were pretreated with the compound or
vehicle (0.1% DMSO) for 30 min before agonist stimulation for the indicated times.

Primary cultures of bovine chromaffin cells
Chromaffin cells were isolated from steer adrenal glands by collagenase digestion through
retrograde perfusion with an adaptation of the Fenwick procedure, as described previously
(54). Cells were plated in 5% heat-inactivated fetal bovine serum (HI-FBS) in Dulbecco’s
modified Eagle’s medium (DMEM), supplemented with penicillin, streptomycin, fungi-
zone, and cytosine arabinofuranoside. Cells were mechanically resuspended in the same
medium 24 hours later, collected by centrifugation at 800g for 5 min at room temperature,
and replated in T150 flasks in the same medium. This procedure minimized the
contamination of chromaffin cells with adherent cells. Cells were again mechanically
resuspended 24 to 72 hours after replating, collected by centrifugation, resuspended in
phosphate-buffered saline (PBS) at ~2 × 106 cells/ml, and collected by centrifugation. Cells
were resuspended in PBS with a blue-tip pipette (800 μl per 110 million cells with a packed
volume of about 200 μl) and added dropwise to 5 ml of LyB+ buffer. Lysates were snap-
frozen on dry ice and stored at –80°C until needed.

Analysis of ERK activation in primary cultures of neurons
Primary embryonic day 18 (E18) hypothalamic, hippocampal, and cortical neuronal cultures
were prepared as previously described from Sprague-Dawley rats (24, 55) with the
following modifications. Fetuses were decapitated; brains were removed; meninges were
stripped away; and the hypothalamic, hippocampal, and cortical tissues were dissected and
collected in ice-cold dissection solution consisting of calcium- and magnesium-free Hanks
balanced salt solution (Invitrogen) supplemented with 10 mM Hepes, penicillin (200 U/ml),
streptomycin (200 mg/ml), and 10 mM sodium pyruvate before being cut into smaller pieces
with a fine pair of scissors. For hypothalamic cultures, the tissue was digested with
collagenase type 2 (1.2 mg/ml; Worthington) dissolved in dissection buffer supplemented
with 20 mM glucose, bovine serum albumin (BSA; 4 mg/ml), and deoxyribonuclease
(DNase; 0.2 mg/ml) for 40 min at 37°C. A final dissociation of the cells was then performed
by triturating the suspension up and down with a pipette before centrifugation of the
supernatant at 200g for 5 min. The cell pellet was then washed twice in dissection buffer.
For hippocampal and cortical cultures, tissues were digested with prewarmed 0.12% trypsin,
0.02% EDTA solution (SAFC Biosciences) and incubated at 37°C for 10 min. The tissue
was then washed three times with dissection solution. A final dissociation of the cells was
conducted by triturating the suspension up and down with the aid of a pipette. A total of 1 ×
106 cells per well were plated onto six-well plates precoated with poly-D-lysine (50 mg/ml;
Sigma). Hypothalamic and cortical neurons were plated in medium consisting of DMEM
supplemented with penicillin (200 U/ml), streptomycin (200 mg/ml), 0.5 mM L-glutamine,
10 mM sodium pyruvate, and 10% HI-FBS, which was replaced with Neurobasal medium
(Invitrogen) supplemented with 2% B-27 (Invitrogen), penicillin (200 U/ml), streptomycin
(200 μg/ml), and 0.5 mM L-glutamine 24 hours after plating. The hippocampal neurons
were directly plated and maintained in Neurobasal medium as described earlier. Half of the
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media of all the cultured neurons was changed every 3 to 4 days, and the neurons were used
after 10 to 12 days in culture. To analyze pERK and ERK, neurons were pretreated with
0.02% DMSO (vehicle), 1 mM SQ22,536, or 10 μM H-89 for 30 min before stimulation
with 100 nM PACAP-38 or 100 μM 8-CPT-cAMP for 15 min, after which time, culture
medium was aspirated, and cells were washed once with PBS and lysed in ice-cold
radioimmunoprecipitation assay buffer [50 mM tris-HCl, 150 mM NaC1, 0.1 mM EDTA, 10
mM MgCl2, 0.1% SDS, 1% Triton X-100, and 0.5% deoxycholate supplemented with 50
mM NaF, 5 mM Na3VO4, and one tablet of Complete Protease Inhibitor Cocktail (Roche)].
The lysates were briefly sonicated and centrifuged at 8161g for 10 min, and the protein
concentration of the supernatant was determined with the Bio-Rad DC Protein Assay. A
total of 15 μg of protein from each sample was then resolved on a 4 to 12% NuPAGE bis-
tris gel (Invitrogen), transferred onto 0.45-μm Trans-Blot nitrocellulose membranes (Bio-
Rad), and first incubated with rabbit anti–phosphor-(Thr202/Tyr204) p44/42 ERK primary
antibody (Cell Signaling Technology) followed by horse-radish peroxidase (HRP)–
conjugated goat anti-rabbit secondary antibody (Pierce Biotechnology) that was detected
with SuperSignal West Pico Chemiluminescent Substrate (Pierce). The membranes were
then stripped with Restore Western Blot Stripping Buffer according to the manufacturer’s
instructions, and the earlier steps were repeated with rabbit anti-p44/p42 primary antibody
(Cell Signaling Technology) to determine total ERK quantities.

Cell lines
Cells were grown in flasks (Techno Plastic Products AG) at 37°C in a humidified
environment containing 5% CO2 in media and solutions that were purchased from
Invitrogen, unless otherwise noted. NS-1 cells were grown on collagen-coated flasks in
RPMI 1640 supplemented with 10% HI-FBS, 5% horse serum, 2 mM L-glutamine, and
penicillin and streptomycin. HEK 293T Cre-luc rPAC1 cells were grown in DMEM
supplemented with 10% FBS, 2 mM L-glutamine, and hygromycin B (50 μg/ml;
Mediatech). PC12-G cells were grown in DMEM supplemented with 7% HI-FBS, 7% horse
serum, 25 mM Hepes, 2 mM L-glutamate, and penicillin and streptomycin in an incubator
supplying 10% CO2. HeLa, 3T3 Swiss, B16-F10, HEK 293FT, AtT20, and NBFL cells were
grown in DMEM supplemented with 10% FBS, 2 mM L-glutamine, and penicillin and
streptomycin. NG108-15 cells were grown in DMEM with 10% FBS, 0.1 mM HAT (sodium
hypoxanthine, aminopterin, and thymidine) supplement, 2 mM L-glutamine, and penicillin
and streptomycin. SH-SY5Y and CHO-K1 cells were grown in a 1:1 mixture of DMEM and
Ham’s F-12 medium supplemented with 10% FBS, 2 mM L-glutamine, and penicillin and
streptomycin. FRTL-5 cells were grown in Ham’s F-12 medium supplemented with 5%
FBS, 2 mM L-glutamine, penicillin and streptomycin, and the following hormones (all from
Sigma): 10 nM hydrocortisone, thyrotropin (10 mU/ml), insulin (0.01 mg/ml), transferrin (5
μg/ml), somatostatin (10 ng/ml), and glycyl-L-histidyl-L-lysine acetate (10 ng/ml).

Quantitative RT-PCR
To analyze gene expression in bovine chromaffin cells, total RNA was extracted with a
commercial kit (RNAqueous, Ambion) according to the manufacturer’s instructions.
Genomic DNA was removed by digestion with ribonuclease-free DNase I (Invitrogen), and
an aliquot of each sample, corresponding to 0.5 μg of RNA, was reverse-transcribed with
random hexamer primers and SuperScript II Reverse Transcriptase (50 U; Invitrogen). The
final complementary DNA (cDNA) synthesis reaction volume of 22 μl was diluted 1:1 in
diethyl pyrocarbonate–treated H2O, and 2 μl of the resulting sample was used per well for
PCR. Quantitative PCRs were prepared by adding iQ SYBR Green Supermix (Bio-Rad) and
a final concentration of 200 nM gene-specific primers [Gal: forward
GACAGCCACAGGTCATTTCAAG, reverse GCCGGGCTTCGTCTTCA, amplicon 76
base pairs (bp); GAPDH: forward GCATCGTGGAGG-GACTTATGA, reverse
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CAGCGCCAGTAGAAGCAGG, amplicon 135 bp] with each cDNA sample run in
duplicate. The following quantitative PCR conditions were used on an iCycler iQ Real-Time
PCR System (Bio-Rad): initial heating to 95°C for 3 min, 40 cycles of 95°C for 10 s and
55°C for 45 s, followed by 95°C for 60 s and 55°C for 60 s. Fold changes in gene expression
relative to untreated controls were determined after quantitative PCR with the ΔΔCt method
(56).

cAMP assays
Intracellular cAMP was measured with the cAMP Biotrak enzyme immunoassay kit
(Amersham Biosciences). One day after being seeded in 96-well plates, NS-1 cells were
pretreated for 20 min with culture medium containing 0.5 mM 3-isobutyl-1-methylxanthine
(IBMX) to inhibit phosphodiesterases. After IBMX loading, cells were treated with agonists
for 20 min at 37°C. Cells were then lysed, and cAMP accumulation was measured by the
nonacetylation protocol as provided by the manufacturer. Data were fit to standard curves
with four-parameter logistic regressions.

Elk-luciferase assays
For measurements of Elk1 activation, we generated a stable NS-1 cell line as described
previously (18). Briefly, NS-1 cells were sequentially transduced with the pLNCFA2-Elk
and pBABE-Luc retroviral vectors, which encode a Gal4-Elk1 fusion protein and a
luciferase reporter gene, respectively. NS-1 Elk-luc cells were dispensed into collagen I–
coated 96-well plates and incubated overnight. The next day, cells were pretreated with
inhibitors for 30 min and then treated with the indicated agonists for 5 hours. Luciferase
activity was measured after the addition of Bright-Glo Luciferase Assay Reagent (Promega;
100 μl per well). Luminescence was measured in a Victor3 microtiter plate reader (Perkin
Elmer) after 2 min of vigorous shaking.

Neurite outgrowth assays
NS-1 cells were seeded into six-well plates, incubated overnight, and treated for 48 hours, as
indicated in the figure legends. Images of cells were then randomly acquired at ×20
magnification with a computer-assisted microscope. Images were randomized, and a blinded
observer counted the numbers of cells, numbers of neurites, and lengths of the neurites in
each field with NIS-Elements BR (Nikon). Data from neurite outgrowth assays are
expressed as the average neurite length per cell.

shRNA-mediated knockdown of Rapgef2
Rapgef2 was knocked down in NS-1 cells with a specific shRNA construct (target sequence:
GGAAGTCATTAACCAGGAA) encoded by the psi-Lv-H1 lentiviral vector
(GeneCopoeia). To generate an NS-1 cell line with stable Rapgef2 knockdown, NS-1 cells,
at 50% confluence, were exposed to the lentiviral vectors overnight. The next day, the
medium was changed, and after three more days, transduced cells were selected from the
culture by adding puromycin (1 μg/ml) to the medium. In parallel cultures, NS-1 cells were
exposed to scrambled shRNA expressed by the psi-Lv-H1 vector. Cells stably expressing
scrambled shRNA served as controls for all experiments using cells in which Rapgef2 was
stably knocked down.

Human Rapgef2 γ-retroviral construct
The pCR4-TOPO plasmid containing the cDNA encoding hRapgef2 (Thermo Scientific)
was cleaved with the restriction enzymes Pme I and Not I. The 4.5-kb Rafgef2 cDNA
fragment was then subcloned into the pPRIChpaHA retroviral expression plasmid (57) after
cleaving this plas-mid with Bst BI, blunting the overhang, and then cleaving with Not I,
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thereby linearizing the pPRIChpaHA plasmid in the multiple cloning site. The pPRIChpaHA
is a γ-retroviral expression plasmid wherein the cytomegalovirus enhancer and promoter
direct the expression of the introduced cDNA (that is, the sequence encoding Rapgef2) and
an encephalo-myocarditis virus–derived internal ribosomal entry site directs the translation
of the mCherry fluorescent protein. Retroviral vectors were generated by transfecting HEK
293 cells grown in 10-cm dishes to a density of 1.5 × 106 to 2 × 106 cells per plate with this
recombinant retroviral genome expression plasmid together with a murine retroviral gag-pol
plasmid and a vesicular stomatitis virus G plasmid, as previously described (18).

Western blotting
Cells were seeded in 12-well plates, incubated overnight, and treated as indicated in the
figure legends. After treatment, cells were collected in lysis buffer (150 mM NaCl, 50 mM
tris-HCl, 1% NP-40, 1 mM EDTA) including the Halt protease and phosphatase inhibitor
cocktails (Pierce). The amount of protein for each sample was determined with the Bio-Rad
Protein Assay. Equal amounts of protein (20 μg) were added to a solution containing 1×
NuPAGE LDS sample buffer and 1× NuPAGE reducing reagent (Invitrogen), which were
heated to 95°C for 5 min. Samples were subjected to SDS-PAGE with bis-tris gels
containing 4 to 12% polyacrylamide (for analysis of Rapgef2) or 10% polyacrylamide (for
analysis of pERK). Gels were blotted onto nitrocellulose membranes (Invitrogen), which
were incubated in blocking buffer containing 5% nonfat milk in tris-buffered saline
containing 0.05% Tween 20 (TBST) for 2 hours at room temperature. The membranes were
then incubated overnight at 4°C with a 1:2000 dilution of antibodies specific for pERK
(Thr202/Tyr204), pCREB (Ser133) (both from Cell Signaling Technology), or Rapgef2
(NBP1-06549, Novus Biologicals). After five washes in TBST, membranes were incubated
with HRP-conjugated secondary antibodies (1:5000 in blocking buffer). After five washes in
TBST, membranes were incubated with SuperSignal West Pico Chemiluminescent Substrate
(Pierce) and visualized by a cooled charge-coupled device camera. Antibodies bound to
pERK, pCREB, or Rapgef2 were removed with Restore Western Blot Stripping Buffer
(Pierce) before the blots were incubated overnight with antibodies specific for total ERK,
total CREB, or β-actin (all antibodies from Cell Signaling Technology). Images were
quantified with ImageJ [National Institutes of Health (NIH), http://imagej.nih.gov/ij/].

Rap1 assays
The GTP loading of Rap1 was measured with the Active Rap1 Pull-Down and Detection Kit
(Pierce) according to the manufacturer’s instructions. Cells were seeded in six-well plates
and grown overnight. The next day, cells were treated for 10 min as indicated in the figure
legends and then lysed. Protein (500 μg) from each sample was incubated in a solution of 20
μg of glutathione S-transferase–RalGDS–RBD in a glutathione resin slurry for 1 hour.
Samples were then centrifuged through spin cups, washed three times with lysis buffer,
dissolved in reducing sample buffer, vortexed, and heated to 95°C for 5 min. All samples
were then resolved by 12% PAGE, gels were blotted onto nitrocellulose, and membranes
were incubated with an antibody specific for Rap1 at a dilution of 1:1000 (Upstate
Biotechnology). In parallel, 20-μg samples of unpurified protein, corresponding to samples
that were affinity-purified, were loaded onto gels that were incubated with the same
antibody to account for differences in Rap1 content between samples

Coimmunoprecipitation
An antibody specific for B-Raf (C-16, Santa Cruz Biotechnology) was dialyzed and directly
immobilized onto aldehyde-activated agarose beads (25 μg of antibody/50 μl of resin) that
were packed into fritted columns with reagents included in coimmunoprecipitation kits
(Pierce, catalog #26149) according to the manufacturer’s instructions. NS-1 cells, grown in
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six-well plates, were treated as indicated in the figure legends for 10 min, after which they
were collected in 0.2 ml of lysis/wash buffer. Lysates were centrifuged at 13,793g for 5 min,
and the supernatants were retained. Protein concentrations in the supernatants were
determined with the Bio-Rad DC Protein Assay. Samples containing 1 mg of protein were
precleared by application to slurries of uncoupled agarose resin (80 μl), which were packed
onto fritted columns. Samples were incubated with uncoupled resins for 30 min at 4°C with
end-over-end rotation. Columns were centrifuged at 1000g for 1 min, and precleared lysates
were reserved and added to antibody-coupled resins, which were incubated overnight at 4°C
with end-to-end rotation. Columns were then centrifuged at 1000g for 5 min, and each resin
was washed three times with 0.2 ml of lysis/wash buffer. Captured proteins were eluted by
adding 50 μl of elution buffer, incubated for 5 min at room temperature, to the column,
followed by centrifugation at 1000g for 5 min. Elutants were dissolved in 5× SDS
denaturing sample buffer, heated to 95°C for 5 min, and vortexed. Samples were analyzed
by Western blotting (as described earlier) with antibodies raised against B-Raf (Santa Cruz
Biotechnology) and Rap1 (Upstate).

cAMP-agarose affinity purification of chromaffin cell cAMP-binding proteins
cAMP-binding proteins were purified from bovine chromaffin cells by the method adapted
from the affinity purification of regulatory subunits of PKA (58). Briefly, lyophilized
cAMP-agarose (Sigma A0144) was swelled in 3.33 ml of LyB [20 mM Hepes (pH 7.4), 200
mM NaCl, 5 mM EDTA, 5 mM EGTA, 0.5% Igepal CA-630 (pH 7.4), with BSA (1.5 mg/
ml)] for 4 hours at room temperature. The gel was washed with 4 × 5 ml of LyB, suspended
in 1 ml/ml-equivalent of original lyophilized cAMP-agarose in LyB+ buffer [LyB containing
1 mM dithiothreitol (DTT) and one tablet of 50 ml of Roche Protease Inhibitor Cocktail].
Gels were stored at 4°C if they were to be used within 1 to 2 weeks; otherwise, they were
washed with 3 × 5 ml (per ml-equivalent of original lyophilized cAMP-agarose) in 1 M
NaCl and stored in 5 ml (per original ml-equivalent) with 0.5% NaN3 at 4°C. Other buffers
used were basic wash buffer (BWB; 10 mM Hepes, 1.5 mM MgCl2, 10 mM KCl, 0.1%
Igepal CA-630), high-salt wash buffer (HSWB; 25 ml of basic wash buffer, 20 ml of water,
5 ml of 5 M NaCl, 50 μl of 1 M DTT, and one tablet of Roche Protease Inhibitor Cocktail),
and no-salt wash buffer (NSWB; 25 ml of basic wash buffer, 25 ml of water, 50 μl of 1 M
DTT, and one tablet of Roche Protease Inhibitor Cocktail). Lyophilized cAMP-agarose was
initially incubated with LyB containing BSA, washed with LyB, and then packed in columns
in a 1-ml packed volume. BCC lysate (0.4 ml; ~1.5 mg of protein) was added to 0.4 ml of
cAMP-agarose prepared as above, all in LyB+ buffer, and was incubated overnight with
rocking at 4°C. Slurries were then added to Bio-Rad 1-ml columns, and one column volume
of the slurry was eluted (1.1). The packed agarose was then rinsed with two successive
column volumes of LyB+ (1.2, 1.3) and two column volumes each of BWB (2.1, 2.2),
HSWB (3.1, 3.2), and NSWB (4.1, 4.2). Columns were equilibrated with LyB+ buffer, and
one column volume of 50 mM cAMP (Biolog) in LyB+ buffer was added. Slurries were
incubated with rocking at 4°C overnight directly in Bio-Rad column, after which the first
column volume was collected (5.1), and then successive column volumes in LyB+ buffer
(for example, 5.2, 5.3, and 5.4) were collected. An aliquot of cAMP-agarose combined with
lysate that was not subjected to affinity purification was placed in several volumes of
denaturing PAGE buffer, heated to 70°C for 10 min, and clarified by centrifugation (“gel”).

Calculations and statistics
Calculations and statistics were conducted in SigmaPlot 11.0 (Systat). Testing for statistical
significance was performed with either one-factor or two-factor ANOVA, as appropriate,
followed by Bonferroni-corrected t tests for multiple comparisons. Statistical significance
was deemed at P < 0.05. In dose-response experiments, IC50 values were obtained from
curves that were fit to data with a four-parameter logistic regression.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. PACAP and forskolin stimulate galanin expression and ERK activation
(A and B) Fold induction in Gal mRNA abundance in bovine chromaffin cells (BCCs).
Primary cultures of BCCs (n = 3 wells per condition) were treated with (A) 100 nM
PACAP-38 or (B) 25 μM forskolin (FOR) for 6 hours. Where indicated, cells were pre-
treated with 10 μM H-89 or U0126 for 30 min. RNA was harvested and subjected to
quantitative reverse transcription polymerase chain reaction (RT-PCR) analysis. Data are
expressed as mean fold induction ± SEM in Gal mRNA abundance compared to that of
untreated controls and were analyzed by one-way analysis of variance (ANOVA) with
Bonferroni-corrected t tests. ##P < 0.01, ###P < 0.001, when comparing PACAP-38– or
forskolin-treated cells with untreated cells; ***P < 0.001, when comparingtreatmentalone
and treatment with inhibitors. Experiments represent quadruplicate wells from a single
experiment, and experiments were repeated three or more times with similar results. (C and
D) Analysis of ERK and CREB phosphorylation. Western blotting analysis of (C) ERK
phosphorylation and (D) CREB phosphorylation at Ser133 in BCCs treated with either 100
nM PACAP-38 or 100 μM 8-CPT-cAMP after 10-min pretreatment with 30 μM H-89 or
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vehicle [0.02% dimethyl sulfoxide (DMSO)]. Data for each experiment (n = 4) were
analyzed by one-way ANOVA with post hoc Bonferroni-corrected t tests. **P < 0.01, ***P
< 0.001, compared to untreated controls; ###P < 0.001, when comparing cells with or
without H-89. Western blots are from a single experiment and are representative of four
independent experiments. (E) Analysis of ERK activation in cultures of primary neurons
from rat hypothalamus (upper), hippocampus (middle), and cortex (lower). Neurons were
pretreated for 30 min with 10 μM H-89, 1 mM SQ22,536, or vehicle (0.02% DMSO) before
being treated for 15 min with 100 nM PACAP-38 or 100 μM 8-CPT-cAMP (CPT) or being
left untreated (Ctrl). Samples were analyzed by Western blotting with antibodies specific for
phosphorylated ERK (pERK) and total ERK. Data are representative of three independent
experiments. (F) Lysates from BCCs were subjected to cAMP-agarose affinity purification.
Fractions from affinity chromatography were analyzed by Western blotting for Rapgef2
(upper panel), and membranes were stained with Ponceau S (lower panel). Lane 1: crude
lysate (1:5 dilution); lane 2: elution with lysis buffer; lane 3: elution with basic wash buffer;
lane 4: pooled elutions with high-salt and no-salt wash buffers; lane 5: elution with 50 mM
cAMP; lane 6: heat-treated cAMP-agarose resin (prewashed). Numbers to the left of the
images represent molecular mass markers (kD).
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Fig. 2. Rap1 and B-Raf mediate cAMP-dependent activation of ERK
(A) Measurement of Rap1 activation in NS-1 cells pretreated with vehicle, 100 μM ddAd,
30 μM FTS-A, or 10 μM U0126 before being treated with vehicle or 100 nM PACAP-38 for
5 min. (B) Measurement of Rap1 activation in cells treated with either 100 μM 8-CPT-
cAMP or 100 μM 8-CPT-2′-O-Me-cAMP (007) in the presence or absence of 30 μM H-89,
1 mM SQ22,536, or both. Western blotting data are representative of four experiments. Bar
graph shows the mean ratios of the abundance of activated Rap1 (Rap1-GTP) to that of total
Rap1 protein in each sample and are expressed relative to the amount of activated Rap1 in
untreated control cells. #P < 0.05 (Bonferroni). (C) FTS-A inhibited activation of a reporter
gene for Elk1 after treatment with 8-Br-cAMP (500 μM). (D) Inhibition of 8-Br-cAMP–
dependent Elk1 induction in NS-1 cells by the B-Raf inhibitor PLX4720 and the MEK
inhibitor U0126. Points represent means from three experiments, and error bars correspond
to SEM. (E) Analysis of ERK activation. NS-1 cells were pretreated with vehicle, 30 μM
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FTS-A, 10 μM PLX4720, or 30 μM H-89 before being treated with vehicle or 100 nM
PACAP-38 for 10 min, and the extent of ERK phosphorylation was determined by Western
blotting analysis with antibodies against the indicated proteins. Western blots are
representative of four experiments. Bar graph shows the ratio of the abundance of pERK to
that of total ERK protein for each sample relative to untreated control cells (set at 100%).
**P < 0.01 (Bonferroni), compared to untreated controls.
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Fig. 3. Rapgef2 connects cAMP to ERK signaling in NS-1 cells
(A) Knockdown of Rapgef2 protein in NS-1 cells transduced with lentivirus expressing
Rapgef2-specific shRNA. Lane 1: NS-1 cells expressing scrambled shRNA; lanes 2 to 4:
stable NS-1 cell lines expressing Rapgef2-specific shRNA constructs. Cells in lane 4
contained <20% of the Rapgef2 protein in cells expressing scrambled shRNA and were
propagated for further analyses. (B) Measurement of ERK phosphorylation in NS-1 cells
expressing either scrambled shRNA or Rapgef2-specific shRNA. Cells were treated for 10
min with 100 nM PACAP-38, 25 μM forskolin, cholera toxin (CTX; 50 μg/ml), 100 μM 8-
CPT-cAMP (8-CPT), NGF (100 ng/ml), or FGF (100 ng/ml). In cells expressing scrambled
shRNA, all agents tested caused a statistically significant increase in ERK phosphorylation
compared to that in untreated cells (Bonferroni, *P < 0.05, ***P < 0.001). In cells
expressing Rapgef2-specific shRNA, only NGF and FGF caused statistically significant
ERK phosphorylation (***P < 0.001). Lower panel shows a Western blot that is
representative of four independent experiments. (C) Quantification of neurite outgrowth.
NS-1 cells expressing either scrambled shRNA or Rapgef2-specific shRNA were treated for
48 hours with 100 nM PACAP-38, 25 μM forskolin, CTX (50 μg/ml), NGF (100 ng/ml), or
FGF (100 ng/ml). In cells expressing scrambled shRNA, all agents tested caused significant
neurite outgrowth relative to that of untreated control cells (Bonferroni, **P < 0.01, ***P <
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0.001). Only NGF and FGF caused statistically significant neurite extension in cells stably
expressing Rapgef2-specific shRNA. Bars represent means ± SEM from four fields per
condition in three independent experiments. Representative photomicrographs are shown in
fig. S6. (D) The association between Rap1 and B-Raf is Rapgef2-dependent. NS-1 cells
expressing either scrambled shRNA or Rapgef2-specific shRNA were treated with 100 μM
8-CPT-cAMP or 100 μM 8-CPT-2′-O-Me-cAMP for 10 min. Protein content in cell lysates
was normalized, and lysates were precleared and resolved by SDS-PAGE (polyacrylamide
gel electrophoresis). Gels were blotted onto nitrocellulose and incubated with antibodies
raised against B-Raf and Rap1. Lysates were also subjected to coimmunoprecipitation with a
B-Raf–specific antibody coupled to agarose resins. The association between Rap1 and B-
Raf in response to 8-CPT-cAMP was greater in extent in cells expressing scrambled shRNA
than in cells expressing Rapgef2-specific shRNA. Data are representative of three
experiments.
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Fig. 4. Rapgef2 protein abundance is enriched in neuroendocrine cells, and its exogenous
expression in HEK 293T cells confers cAMP-ERK signaling
(A) Profile of Rapgef2 protein abundance in human and rodent cell lines. Lane 1: PC12-G;
lane 2: NS-1; lane 3: BCC; lane 4: 293T rPAC1hop; lane 5: HEK 293FT; lane 6: HeLa; lane
7: 3T3 Swiss; lane 8: SH-SY5Y; lane 9: NG108-15; lane 10: NBFL; lane 11: FRTL-5; lane
12: B16-F10; lane 13: AtT20; lane 14: Chinese hamster ovary (CHO) K1. Western blotting
data are representative of three independent experiments. (B) Western blotting analysis of
Rapgef2 abundance in HEK 293T rPAC1hop cells (lane 1), HEK 293T rPAC1hop cells
stably expressing hRapgef2 (lane 2), and nontransduced SH-SY5Y cells (lane 3). Western
blotting data are representative of three independent experiments. (C and D) Measurement
of ERK phosphorylation in (C) 293T rPAC1hop cells and (D) 293T rPAC1hop cells
expressing hRapgef2 after treatment for 10 min with 100 nM PACAP-38, 30 μM
isoproterenol, 25 μM forskolin, cholera toxin (CTX; 50 μg/ml), 0.5 mM 8-Br-cAMP, or 100
nM PMA. Bar graphs show the ratio of the abundance of pERK to that of total ERK protein
for each sample relative to untreated control cells (set at 100%). *P < 0.05, **P < 0.01,
***P < 0.001; n = 4 experiments. (E) Analysis of Rap1 activation in 293T rPAC1hop cells
expressing or not expressing the retroviral vector encoding hRapgef2. Cells were treated
with vehicle, 100 μM 8-CPT-cAMP, or 100 μM 8-CPT-2′-O-Me-cAMP. *P < 0.05, **P <
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0.01, compared to vehicle-treated cells. In cells expressing hRapgef2, 8-CPT-cAMP
conferred a significantly greater activation of Rap1 (**P < 0.01) than was observed in
nontransduced cells (#P < 0.05, Bonferroni). Data are from four to six independent
experiments.
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Fig. 5. Proposed Rapgef2-mediated cAMP-ERK signaling pathway in neuronal and endocrine
cells
Demonstrated signaling connections are presented as black arrows, pharmacological
activators are connected to their targets with green arrows, and pharmacological inhibitors
are connected to their targets by red blunt-ended arrows. SQ22,536 served as a
polypharmacological agent: its observed IC50 values at its two targets in NS-1 cells are 10
μM (AC) and 170 μM (Rapgef2). Cat, catalytic subunit of PKA; Reg, regulatory subunit of
PKA. The protein product of the Rapgef2 gene has been referred to variously as CNrasGEF,
PDZ-GEF1, RA-GEF, nRapGEP, and its activity as the NCS (neuritogenic cAMP sensor)
(18, 19). The protein products of the Rapgef3 and Rapgef4 genes are variously referred to as
Epac1/2 and cAMP-GEFI/II.

Emery et al. Page 25

Sci Signal. Author manuscript; available in PMC 2014 February 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


