
Functional Roles of Protein Kinase A (PKA) and
Exchange Protein Directly Activated by 3�,5�-Cyclic
Adenosine 5�-Monophosphate (cAMP) 2 (EPAC2) in
cAMP-Mediated Actions in Adrenocortical Cells

Linda Aumo,* Marte Rusten,* Gunnar Mellgren, Marit Bakke,
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In the adrenal cortex, the biosynthesis of steroid hormones is controlled by the pituitary-derived
hormone ACTH. The functions of ACTH are principally relayed by activating cAMP-dependent
signaling pathways leading to the induction of genes encoding enzymes involved in the conversion
of cholesterol to steroid hormones. Previously, protein kinase A (PKA) was thought to be the only
direct effector of cAMP. However, the discovery of the cAMP sensors, exchange proteins directly
activated by cAMP (EPAC1 and 2), has led to a reevaluation of this assumption. In the present study,
we demonstrate the occurrence of the EPAC2 splicing variant EPAC2B in adrenocortical cancer cells.
Immunocytochemistry demonstrated that EPAC2B is localized predominantly in the nucleus.
EPAC2B is functional because it activates Rap1 in these cells. Using the cAMP analogs 8-p-chloro-
phenylthio-2�-O-methyl-cAMP and N6-benzoyl-cAMP, which specifically activate EPAC1/2 and
PKA, respectively, we evaluated the contribution of these factors in steroid hormone production,
cell morphology, actin reorganization, and migration. We demonstrate that the expression of
cAMP-inducible factors involved in steroidogenesis (steroidogenic acute regulatory protein, cyto-
chrome P450 11A1 and 17, and nerve growth factor-induced clone B) and the cAMP-induced
biosynthesis of steroid hormones (cortisol and aldosterone) aremediatedbyPKAandnotbyEPAC2B.
In contrast, both PKA- and EPAC-specific cAMP analogs induced cell rounding, loss of stress fibers, and
blocked migration. Taken together, the presented data confirm PKA as the central cAMP mediator in
steroid hormone production and reveal the involvement of EPAC2B in cAMP-induced effects on cy-
toskeleton integrity and cell migration. (Endocrinology 151: 2151–2161, 2010)

It has long been recognized that cAMP is a ubiquitous
second messenger regulating many key cellular pro-

cesses and that its actions are mediated by the cAMP ef-
fector protein kinase A (PKA). However, about a decade
ago, two additional cAMP sensors, exchange proteins di-
rectly activated by cAMP (EPAC)-1 and -2 (also termed
cAMP-binding guanine exchange factors I and II) were
discovered (1, 2). Since then, numerous studies have dem-
onstrated that EPAC1/2 mediate a multitude of cellular
functions induced by cAMP, i.e. proliferation, differenti-

ation, adhesion, apoptosis, and transcription (3, 4). In the
endocrine system, the discovery of EPAC1/2 was critical to
explain some of the effects mediated by cAMP in hormone
signaling that were not mediated by PKA (reviewed in Ref.
4), for example in granulosa cells (5) and thyrocytes (6–8).
Moreover, EPAC2 has been implicated in insulin secretion
in pancreatic �-cells (9, 10), in the release of �-MSH in the
pituitary gland (11), and in the regulation of proglucagon
expression in intestinal L cells (12). Both EPAC1 and -2
contain a cAMP-binding domain (CBD) similar to the one
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found in the PKA regulatory subunit, but the two isoforms
differ by the presence of one extra CBD in the N terminus
of EPAC2. Binding of cAMP activates EPAC1/2, which
then act as guanine exchange factors for the small G pro-
teins Rap1 and Rap2 by catalyzing the exchange of bound
GDP for GTP (reviewed in Ref. 13). The extra N-terminal
CBD in EPAC2 has low affinity for cAMP (14), and in-
stead, this domain may be involved in plasma membrane
localization (15). EPAC1 and -2 are differentially ex-
pressed (1). EPAC1 is found ubiquitously, whereas the
expression pattern of EPAC2 is restricted to certain re-
gions of the brain, neuroendocrine tissues, and endocrine
glands including the adrenal and testis (1, 2, 9). Recently,
EPAC2 was described to exist as three different splicing
variants, which differ only at their N termini: the full-
length protein EPAC2A; EPAC2B, which lacks the N ter-
minus CBD; and EPAC2C, which lacks the N terminus
CBD and the Dishevelled-Egl-10-Plekstrin (DEP) (15, 16).

In the adrenal cortex, the biosynthesis of steroid hor-
mones is regulated primarily by the pituitary-derived hor-
mone ACTH. ACTH induces the transcription of steroi-
dogenic enzymes involved in the stepwise conversion of
cholesterol to corticosteroids (17). Binding of ACTH to its
receptor leads to the activation of multiple signaling path-
ways (18, 19). The pathway by far the best characterized
involves the activation of adenylyl cyclases followed by an
elevation of cAMP production. Although cAMP has been
recognized as the main second messenger recapitulating
the effects of ACTH on steroid hormone output, the
downstream signaling events are only partially under-
stood (17–19). cAMP induces the activation of PKA and
subsequent phosphorylation of target substrates, such as
the cholesterol ester hydrolase and the steroidogenic acute
regulatory protein (StAR) (20). These posttranslational
modifications activate cholesterol ester hydrolase and
StAR and lead to an increased availability of free choles-
terol and its delivery to the inner mitochondrial mem-
brane. This allows for the first enzymatic reaction by the
cytochrome P450 (CYP) cholesterol side chain cleavage
enzyme (CYP11A1), which converts cholesterol to preg-
nenolone. Pregnenolone is further converted to aldoste-
rone, cortisol, or androstenedione in the different zones of
the adrenal gland, depending upon the expression of the
different CYP steroidogenic enzymes (CYP17, CYP21,
CYP11B1, and CYP11B2) and of the 3�-hydroxysteroid
dehydrogenase (21).

Although PKA clearly plays a key role in steroidogen-
esis, several studies have pointed to cAMP signals medi-
ated independently of PKA in the adrenal cortex (22–24).
Tools that allow the specific activation of PKA and
EPAC1/2 now exist [i.e. N6-benzoyl-cAMP (N6-Bnz) and
8-p-chlorophenylthio-2�-O-methyl-cAMP (8CPT-2M),

respectively] (25) but have not previously been used to
dissect cAMP-induced signaling cascades in adrenocor-
tical cells. In this study, we establish that the EPAC
pathway is functional in these cells and exploit the PKA-
and EPAC1/2-specific analogs to discriminate between
the involvement of these two pathways in corticosteroid
production, changes in cell morphology, microfilament
organization, and migration. We found that several cAMP-
dependent processes in steroidogenic cells, such as the ex-
pression of StAR and steroid hydroxylases, the induction
of the transcription factor nerve growth factor-inducible
clone-B (NGFI-B), and the production of steroid hor-
mones, are stimulated by cAMP in a PKA-dependent fash-
ion. In contrast, the activation of both pathways leads to
the loss of stress fibers, change of cell shape, and a marked
decrease in migration.

Materials and Methods

Reagents
Anti-Rap1 (sc-65), anti-EPAC2 (sc-9384 and sc-25633,

epitope amino acids 1-220; sc-9383, internal epitope; all three
antibodies can detect both EPAC2A and -2B), anti-NGFI-B (sc-
5569), anti-StAR (sc-25806), anti-phospho-Tyr 204-ERK1/2
(sc-7383), anti-ERK1 (sc-94), and anti-ERK2 (sc-153) were
from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-CYP17
was a generous gift from Dr. M. R. Waterman (Vanderbilt Uni-
versity, Nashville, TN). Anti-CYP11B1 was kindly provided by
Dr. Hiroshi Takemori, (University of Osaka, Osaka, Japan). Anti-
CYP11A1 (ab-67355) and anti-�-actin (ab-6276) were from Ab-
cam (Cambridge, UK). Antimouse CYP11A1 was from Millipore
(Billerica, MA) (AB1294). The EPAC- and PKA-specific cAMP an-
alogs, 8CPT-2M and N6-Bnz, respectively, were from Biolog Life
Science Institute (Bremen, Germany). Forskolin, ACTH (amino ac-
ids 1-39) and isobutyl 3-methylxanthine (IBMX) were from Sigma-
Aldrich Norway AS (Oslo, Norway). Flag-tagged pCMV2-
EPAC2A and pCMV2-EPAC2B expression vectors were kind gifts
from Dr. S. Seino (Kobe University Graduate School of Medicine,
Kobe, Japan).

Cell culture
Murine adrenocortical tumor cells (Y1) (26), Sertoli cells

(MSC-1) (27),prepubertalSertoli cells (SMAT-1) (28),andmonkey
kidney COS-1 cells (American Type Culture Collection, Manassas,
VA) were cultured in DMEM supplemented with 10% fetal calf
serum, penicillin (100 U/ml), and streptomycin (100 �g/ml). Hu-
man adrenocortical carcinoma NCI-H295R (H295R) cells (29)
were obtained from American Type Culture Collection and cul-
tured as described previously (30). Mouse Leydig tumor cells (MA-
10) were cultured in a 1:1 mixture of DMEM (high glucose) and
HAM F12, 15% horse serum, 20 mm HEPES, and 40 �g/ml gen-
tamicin (31). SMAT-1cellswerekindlyprovidedbyN.diClemente
(Université Paris-Sud, Paris, France). COS-1 cells were transfected
with Flag-EPAC2A or Flag-EPAC2B with SuperFect (QIAGEN,
Valencia, CA) at 1:4 (micrograms DNA to microliters SuperFect).
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RT-PCR
mRNA was isolated from Y1 and H295R cells using the Fast-

Track 2.0 kit (Invitrogen, Carlsbad, CA). mRNA (50 ng) was
reverse transcribed (30 min at 42 C) using a reverse transcription
system (Promega, Madison, WI; A3500). The resulting cDNA
was amplified using Taq DNA polymerase (New England Bio-
labs, Beverly, MA). The primers for EPAC1 were as described
(2). The following primers were used for EPAC2: forward 5�-
ATTAATGGACGCCTGTTTGC-3� (nucleotides 2393-2412 in
EPAC2A) and reverse 5�-CCTCCTCAGGAACAAATCCA-3�
(nucleotides 2643-2625 in EPAC2A). PCR products were sep-
arated on 3% agarose gels stained with ethidium bromide.

Western immunoblotting
Whole-cell extracts were prepared by lysis in RIPA buffer [50

mM Tris-HCl (pH 8.0), 150 mM NaCl, 0.5% deoxycholate, 1%
Nonidet P-40, 0.1% sodium dodecyl sulfate (SDS), 1 mM phe-
nylmethylsulfonyl fluoride, 2 mM sodium orthovanadate, and 2
�g/ml aprotinin and leupeptin]. Equal amounts of protein were
separated by SDS-PAGE and transferred to nitrocellulose mem-
branes. Membranes were blocked in 5% milk and incubated
overnight in primary antibodies and subsequently with anti-
mouse/rabbit antibodies conjugated to horseradish peroxidase
(1:10,000) for 1 h. Antibody detection was performed using Su-
perSignal West Pico chemiluminescent substrate (Pierce, Rock-
ford, IL) according to the manufacturer’s instructions and
scanned with an LAS-3000 imaging system (Fuji film, Tokyo,
Japan). Densitometry measurements were done for each protein
examined using ImageJ 1.42q (rsb.info.nih.gov/ij/). Quantifica-
tions of the ratios between each protein and �-actin were per-
formed and shown as fold values compared with control.
Means � SD are presented as histograms.

Rap1 activation assay
Y1 and H295R cells were plated on 10-cm plates in serum-

supplemented medium and grown for 2–3 d. Cells were rinsed in
PBS and incubated in serum-free medium for 24 h and subse-
quently treated as indicated in the figure legend (see Fig. 3). Cells
were washed twice in PBS, lysed in Rap buffer [50 mM Tris-HCl
(pH 7.2), 150 mM NaCl, 10 mM MgCl2, 1% Triton X-100, 0.5%
sodium deoxycholate, 0.1% SDS, 1 mM phenylmethylsulfonyl
fluoride, 2 mM sodium orthovanadate, and 2 �g/ml aprotinin
and leupeptin] and incubated with glutathione S-transferase
(GST) fused ral guanine nucleotide dissociation stimulator (Ral-
GDS) Rap1-binding domain (RBD) coupled to glutathione beads
(300 �l) (Pharmacia, Piscataway, NJ) for 1 h at 4 C. GST-Ral-
GDS-RBD was expressed and purified as described previously
(32). After three washes with Rap lysis buffer, bound proteins
were eluted with SDS sample buffer for 5 min at 95 C, separated
by SDS-PAGE on a 12% gel and subjected to Western blotting
using a Rap1-specific antibody. Quantifications of the ratios
between GTP-Rap1 and total Rap1 were performed and shown
as fold values compared with control. Means � SD were pre-
sented as histograms.

Immunostaining
H295R cells, seeded on coverslips, were fixed in 3.7% form-

aldehyde in PBS for 15 min, washed twice with PBS, permeabil-
ized with 0.1% Triton X-100 in PBS for 15 min (EPAC2 staining)
or 4 min (actin staining), and incubated with blocking buffer (1%
BSA in PBS) for 1 h. Cells were incubated with phalloidin con-

jugated to Alexa 488 (1:40) in PBS for 20 min at room temper-
ature or with anti-EPAC2 (sc-9383) diluted in 0.1% BSA in PBS
(1:25) overnight at 4 C, followed by incubation with Cy5-con-
jugated antigoat antibody (Molecular Probes, Eugene, OR) di-
luted in 0.1% BSA in PBS (1:200) and mounted with Vectashield
mounting medium containing 4�,6-diamidino-2-phenylindole
(Vector Laboratories, Burlingame, CA) after extensive washing
in PBS. Control staining with secondary antibody alone under
the same staining and exposure conditions showed no unspecific
staining. Confocal images of EPAC2-stained cells were acquired
with a Zeiss LSM 510 Meta confocal laser scanning microscope
equipped with a �63, numerical aperture 1.4 oil immersion ob-
jective and using 633- and 405-nm laser lines. Images of actin-
stained cells were obtained with a Nikon TE 2000 fluorescence
microscope using a �63 oil immersion objective.

Migration
Migration was determined after scratch wounding of H295R

cell monolayers. Cells were treated with forskolin or the PKA-
and EPAC-specific analogs in the presence and absence of IBMX,
immediately after creating the wound. Images from three fields
per experiment (n � 2) were taken after 48 h, and the wound
areas were quantified with the ImageJ software.

Measurements of cortisol and aldosterone
H295R cells plated on six-well plates were grown for 2 d,

incubated in DMEM/F12 serum-free and phenol red-free me-
dium for 24 h, and subsequently treated as indicated in Table 1,
and conditioned media were collected for cortisol and aldoste-
rone measurements. Cortisol was analyzed by a solid-phase,
competitive chemiluminescence enzyme immunoassay on Im-
mulite 2000 from Diagnostics Products Corp. (Los Angeles, CA).
Aldosterone was analyzed by the Coat-A-Count procedure, a
solid-phase RIA from Diagnostics Products. Cross-reactivity
with the antialdosterone antiserum was 0.0004% for 11-deoxy-
cortisol, 0.0005% for DHEA, 0.006% for 11-deoxycorticoste-
rone, and 0.002% for corticosterone, as defined by the manu-
facturer. Cross-reactivity was not detectable for cortisol and
androstenedione.

Statistics
The data are presented as the mean � SD. Statistics were per-

formed using the GraphPad INSTAT 3 software (GraphPad Soft-
ware, Inc., San Diego, CA) and one-way ANOVA and Bonfer-
roni as post test, or Student’s t test.

Results

Adrenocortical cells express EPAC2B
Northern blot analyses have previously demonstrated

the presence of EPAC2 but not of EPAC1 in adrenal glands
(1, 9). To determine the putative presence of EPAC1/2 in
adrenocortical-derived tumor cell lines (murine Y1 cells
and human H295R cells), we performed RT-PCR analy-
ses. As shown in Fig. 1A, we found that these cell lines
expressed exclusively EPAC2. RNA prepared from NIH-
3T3 cells was used as a positive control for EPAC1 (Fig.
1A) (2). In a recent study, Seino et al. (15) demonstrated
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that the adrenal cortex expressed a shorter EPAC2 mRNA
starting from exon 5 (called isoform EPAC2B). We there-
fore validated the existence of this shorter variant at the
protein level in H295R and Y1 cells by Western immu-
noblotting, as shown in Fig. 1B. Cell extracts from COS-1
cells transfected with Flag-EPAC2A or Flag-EPAC2B
were used as controls. EPAC2B was also detected in tes-
ticular Leydig cells (MA-10) but not in nonsteroidogenic
testicular Sertoli cells (SMAT-1 and MSC-1) or in fibro-
blasts (NIH-3T3) (Fig. 1C). The subcellular localization of
EPAC2B was evaluated by immunofluorescence staining
in H295R cells (Fig. 1D). A punctate staining pattern was
detected in the nucleus and to a lesser degree in the cyto-
plasm. Control labeling with secondary antibodies alone
showed no background staining (data not shown). We
observed the same pattern of staining in Y1 cells (data not
shown).

The EPAC-specific cAMP analog activates Rap1 in
adrenocortical cells

To investigate whether the EPAC2B signaling pathway
is functional in adrenocortical cells, we determined

whether the EPAC-specific cAMP analog (8CPT-2M) led
to the activation of Rap1. Y1 and H295R cells were in-
cubated with forskolin (an adenylyl cyclase activator that
elevates cAMP levels) or the EPAC-specific cAMP analog,
and cell extracts were analyzed for the presence of active
Rap1 (GTP-bound Rap1) by Western immunoblotting. As
shown in Fig. 2, both agents increased the level of active
Rap1 in both cell lines, whereas the levels of total Rap1
remained unchanged. This demonstrates that the EPAC2B
signaling cascade is functional in these cells and that
EPAC2B activates Rap1 like EPAC2A despite the lack of
the N-terminal CBD.

Activation of both PKA and EPAC2B induces cell
rounding, in combination with IBMX

In response to cAMP-elevating agents, adrenocortical
cells change from a flat and adherent shape to a spherical
shape with occasional arborization (33). To evaluate the
involvement of PKA and EPAC2B in cAMP-mediated ef-
fects on cell morphology, Y1 (Fig. 3A) and H295R (Fig.
3B) cells were incubated with forskolin or with the
cAMP analogs specific for PKA or EPAC. Because syn-
thetic cAMP analogs have been reported to be hydro-
lyzed by phosphodiesterases (PDEs) (34), the PKA- and
EPAC-specific analogs were employed both in the pres-
ence and absence of the general PDE inhibitor IBMX. In
Y1 cells, the effect of forskolin on cell rounding was dra-
matic and rapid (first observed within 1 h; shown after 6 h
in Fig. 3A), as reported previously (35, 36). Cell rounding
was reproduced by both the PKA- and EPAC-specific
cAMP analogs when combined with IBMX, albeit more
potently with the PKA-specific analog (because effects
were observed at 100 �M with the PKA analog and re-
quired 500 �M for the EPAC analog). IBMX had no effect

A B

FIG. 2. The EPAC-specific cAMP analog activates Rap1. Serum-starved
Y1 cells (A) or H295R cells (B) were incubated in the absence (�) or
presence of forskolin (Fsk, 10 �M) or the EPAC-specific cAMP analog
(8CPT-2M, 25 �M) for 10 min. Rap1 activation assays were performed
as described in Materials and Methods. GTP-bound Rap1 (GTP-Rap1)
and Rap1 were detected by Western immunoblotting. At least two
independent experiments were performed, and the quantification is
shown as means � SD (Student’s t test: *, P � 0.05; **, P � 0.01).

A

C

D

B

FIG. 1. EPAC2B is expressed in steroidogenic cells. A, RT-PCR was
performed on mRNA prepared from NIH-3T3 cells, Y1 cells, or H295R
cells using primers specifically amplifying EPAC1 or EPAC2. B and C,
Total cell extracts (100 �g) were prepared from H295R, COS-1, and Y1
(B) and H295R, Y1, SMAT1 and MSC-1 (Sertoli-derived cells), and NIH-
3T3 (fibroblasts) cells (C) and subjected to Western blotting using an
anti-EPAC2 antibody (1:500). In C, COS-1 cells were transfected with
Flag-EPAC2A or Flag-EPAC2B and used as positive controls. �-Actin,
used as a loading control, was detected from the same cell extracts (10
�g). D, H295R cells were stained with anti-EPAC2 antibody and
immunofluorescent secondary antibodies. Nuclei were stained with
4�,6-diamidino-2-phenylindole (DAPI). Staining was visualized by
confocal laser scanning microscopy. These images are representative of
at least three independent experiments.
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alone in Y1 cells. In H295R cells, the effect of forskolin
was less dramatic and slower than in Y1 cells (cell round-
ing was first detected after 16 h; shown after 24 h in Fig.
3B). IBMX had a moderate effect by itself in H295R cells,
but the PKA- and EPAC-specific analogs, when combined
with IBMX, had a dramatic effect and were equally
potent in this cell line. These results indicate that both
PKA and EPAC2B are involved in the characteristic
changes in cell shape mediated by cAMP and that this
effect is dependent upon the concomitant inhibition of
PDEs with IBMX.

Activation of both PKA and
EPAC2B induces loss of stress
fibers and inhibits migration in
combination with IBMX

Changes in cell morphology are of-
ten accompanied by a reorganization of
the actin cytoskeleton, which can itself
coordinate cell migration (reviewed in
Ref. 37). We therefore evaluated the in-
volvement of PKA and EPAC2B in
cAMP-induced actin reorganization
(Fig. 4A) and cell migration (Fig. 4B). In
Fig. 4A, H295R cells were incubated
with forskolin or with the cAMP ana-
logs specific for PKA or EPAC in the
presence or absence of IBMX and
stained with phalloidin to detect fila-
mentous actin (F-actin). Control cells
presented characteristic actin stress fi-
bers (as indicated with arrows), as pre-
viously reported in Y1 and rat glomeru-
losa cells (38, 39). Treatment with
forskolin resulted in loss of stress fibers
and the relocation of actin to restricted
areas at the cell periphery (as indicated
with arrowheads). This effect was mim-
icked when cells were incubated with
either of the PKA- and EPAC-specific
analogs when combined with IBMX. A
modest effect was also observed with
IBMX alone. Similar results were ob-
tained in Y1 cells (data not shown).

The effects of the PKA- and EPAC-
specific analogs on cell migration were
evaluated in H295R cells by scratch as-
says. Forskolin inhibited cell migration
(by 30 � 5%, Fig. 4B). Interestingly, the
EPAC-specific analog also reduced cell
invasion into the wound (by 14 �
0.3%), and in the presence of IBMX,
the EPAC-specific analog reduced mi-
gration even more than forskolin (by

42 � 9%). The PKA-specific analog had no effect by itself
but inhibited migration severely when IBMX was present
(36 � 7%). IBMX also had an effect on its own (22 �

0.9%). Taken together, these experiments show that ac-
tivation of both PKA and EPAC2B induce changes in cell
morphology and actin remodeling and that these effects
are accompanied by a reduction of cell motility. Agents
that elevate cAMP levels are known to inhibit adrenocor-
tical cell proliferation by preventing DNA synthesis (40,
41). We did not observe any effect by the EPAC-specific

FIG. 3. Both the PKA- and EPAC-specific analogs induce changes in cell morphology. Y1 cells
(A) or H295R cells (B) were incubated forskolin (Fsk) alone (10 �M) or with the EPAC-specific
cAMP analog (8CPT-2M) and the PKA-specific cAMP analog (N6-Bnz) at 100 and 500 �M for
6 h (Y1 cells) or 24 h (H295R cells) after a 30-min preincubation with IBMX (I) (500 �M) when
indicated. Cell morphology was detected by phase-contrast microscopy, and images were
taken with a Nikon TE 2000 microscope and a �20 objective.
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analog in either cell line when analyzed by fluorescence-
activated cell sorting to examine their cell cycle distribu-
tion. In addition, we did not observe any effect on total
protein synthesis. This would highlight the fact that our
data on migration are not due to variation either on cell
division or on hypertrophy.

Activation of PKA, but not of EPAC2B, increases
the protein levels of steroidogenic factors

To compare the roles of PKA and EPAC2B in the in-
duction of StAR and steroidogenic enzymes, H295R cells
(Fig. 5) and Y1 cells (Fig. 6) were incubated for 24 h with
the cAMP analogs specific for PKA or EPAC in the pres-

ence or absence of IBMX as well as with
forskolin alone. In H295R cells, the
protein levels of StAR and the CYP en-
zymesCYP11A1,CYP17,andCYP11B1
were analyzed by Western immuno-
blotting (Fig. 5B) and quantified (Fig.
5C). As expected, forskolin increased
the levels of StAR, CYP11A1, and
CYP17. This effect was reproduced by
the PKA-specific cAMP analog (at 500
�M) and was not dependent upon the
effect of IBMX. In contrast, the EPAC-
specific cAMP analog had no effect
alone. Of note, the StAR levels were in-
creased when the EPAC-specific cAMP
analog and IBMX were employed to-
gether, but this induction was not sig-
nificantly different from the effect of
IBMX alone. The levels of CYP11B1
were not induced by any agent. We ob-
served, however, the presence of a dou-
blet thatwasapparentonly incells treated
with forskolin or the PKA-specific ana-
log. To the best of our knowledge this
effect has not been reported before but
may warrant further investigation.
Mouse adrenocortical cells do not ex-
press CYP17 (42), and therefore only the
protein levels of StAR and CYP11A1
were determined in Y1 cells (Fig. 6).
Again, forskolin increased the levels of
StAR and CYP11A1, and this effect was
mimicked by the PKA-specific analog (at
500 �M)butnotby theEPAC-specific an-
alog. In contrast to H295R cells, the in-
duction by the PKA-specific analog re-
quired the presence of IBMX, but there
wasnoeffectby IBMXalone (Fig.6).The
levels of �-actin were not affected by any
treatment in either cell line.

NGFI-B is an immediate-early gene that is rapidly in-
duced by cAMP and ACTH in adrenocortical cells (43,
44). This nuclear receptor is implicated in cAMP-depen-
dent transcription of multiple steroid hydroxylase genes
(44–46) and is thus an important factor in cAMP-induced
steroidogenesis. As demonstrated in Fig. 7, the levels of
NGFI-B were robustly increased by forskolin after 2 h of
treatment in both cell lines, in concordance with previ-
ous studies (43, 44). The PKA-specific analog also in-
creased the levels of NGFI-B. IBMX had no effect by
itself but enhanced greatly the effects of the PKA-spe-
cific analog, thereby recapitulating the effects of fors-

FIG. 4. Both the PKA- and EPAC-specific analogs induce changes in actin organization and
decrease in cell migration. A, H295R cells were incubated with forskolin (Fsk) alone (10 �M),
the EPAC-specific cAMP analog (8CPT-2M), or the PKA-specific cAMP analog (N6-Bnz) at 100
and 500 �M for 24 h after a 30-min preincubation with IBMX (I) (500 �M), as indicated. Cells
were stained with Alexa 488-conjugated phalloidin. Arrows point to stress fibers, and
arrowheads point to punctate actin staining. B, Confluent monolayers of H295R cells were
subjected to scratch wounds and subsequently incubated with forskolin alone (10 �M), the
EPAC-specific cAMP analog (8CPT-2M), or the PKA-specific cAMP analog (N6-Bnz) at 500 �M

for 48 h after a 30-min preincubation with IBMX (500 �M) [one-way ANOVA, Bonferroni post
test: *, P � 0.05; **, P � 0.01; ***, P � 0.001 compared with control (�); ns, not
significant].
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kolin. The EPAC-specific analog had no effect in either
the presence or absence of IBMX. These results indicate
therefore that the cAMP-induced expression of steroi-
dogenic enzymes as well as that of NGFI-B is mediated
by PKA.

Activation of PKA, but not of EPAC2B, induces the
synthesis of cortisol and aldosterone

To further characterize the roles of PKA and EPAC
pathways in steroidogenesis, H295R cells were treated
with forskolin alone or with the cAMP analogs specific for
PKA and EPAC in the absence or presence of IBMX. The
levels of cortisol and aldosterone were subsequently mea-
sured in the media (Table 1). The PKA-specific analog
induced the production of both cortisol and aldosterone in
a dose-dependent manner, and this was further enhanced
by IBMX. As expected, forskolin also induced the pro-
duction of both hormones. In contrast, as predicted from
the lack of effect on the expression of StAR and the steroid
hydroxylases, the EPAC-specific analog had no effect on
cortisol or aldosterone secretion.

Discussion

Recently, EPAC2 was described to exist as three different
splicing variants, which differ only at their N termini:

EPAC2A (full length), which is expressed in the cerebral
cortex and pancreas; EPAC2B, which lacks the N-terminal
CBD and has, until now, been detected only in the adrenal
cortex; and EPAC2C, which lacks the N-terminal CBD
and the Dishevelled-Egl-10-Plekstrin (DEP) domain and is
specifically expressed in the liver (15, 16). In this study, we
have shown that the EPAC2B protein is expressed in Y1
and H295R cells (derived from adrenocortical cells) and
MA-10 cells (derived from testicular Leydig cells). Neither
EPAC1 nor EPAC2A were detected in adrenocortical cells.
The finding that treatment with the EPAC-specific analog
activates Rap1 in Y1 and H295R cells (Fig. 2) demon-
strates that EPAC2B is functionally active in adrenocor-
tical cells despite the lack of the N-terminal CBD. This is
in agreement with a previous report asserting that the low-
affinity N-terminal CBD is not required for cAMP-in-
duced activation of EPAC2 (14). It is interesting to note
that whereas EPAC2A (that contains the N-terminal CBD)
was shown to be localized to the cytoplasm, near the
plasma membrane (15), EPAC1 and EPAC2B are found in
the nucleus (47, 48) (Fig. 1D), indicating that the N-ter-
minal part of EPAC2A may be involved in cellular distri-
bution of the protein. Interestingly, the localization of
EPAC1 has recently been linked to the nuclear/cytoplas-
mic trafficking of the DNA-dependent protein kinase (48).

In several biological systems, EPAC1/2 potentiates the
positive effects of PKA on cell differentiation (e.g. for neu-
rite extension in pheochromocytoma cells (49) and adi-
pose conversion of preadipocytes (50) and cell division (in
thyrocytes; 51). Considering that the EPAC2B variant ap-
pears to be specifically expressed in cells with steroido-
genic capacity, this prompted us to systematically examine
the contribution of the PKA and EPAC pathways in ste-
roidogenesis. We found that the biosynthesis of both cor-
tisol and aldosterone was mediated by PKA and not by
EPAC2B in adrenocortical cells (Table 1), as previously
indicatedbycomparative studies inY1andKin-8cells (cell
line derived from Y1 cells that harbor an inactivating mu-
tation in the regulatory subunit of PKA) (52). In addition,
EPAC2B was not able to potentiate the effects of PKA on
steroid biosynthesis when the cAMP analogs were com-
bined at suboptimal concentrations (data not shown). Al-
though EPAC2B is also expressed in testicular cells, PKA
was also the sole inducer of steroid production in MA-10
cells (data not shown). In sum, PKA clearly plays a dom-
inant role in the synthesis of steroid hormones. We cannot
exclude, however, that other cAMP-induced pathways
may also be involved, particularly leading to aldosterone
synthesis because the Ca2�/calmodulin kinases were
shown to play a major role in cAMP-induced aldosterone
synthesis in zona glomerulosa cells (24).

TABLE 1. PKA but not EPAC2B increases cortisol and
aldosterone secretion

Cortisol (nM) Aldosterone (pM)

Control 32.3 � 5.9 �69
IBMX 78.3 � 19.0 (NS) 73.7 � 5.7
Forskolin 521.4 � 172.2a 186.8 � 67.7
N6-Bnz (100 �M) 67.3 � 31.2 (NS) �69
N6-Bnz (500 �M) 311.4 � 79.7a 159.4 � 67.0
IBMX � N6-Bnz

(500 �M)
705.5 � 142.8b 328.5 � 34.4c

8CPT-2M
(100 �M)

46.7 � 32.3 (NS) �69

8CPT-2M
(500 �M)

42 � 10.2 (NS) �69

IBMX � 8CPT-2M
(500 �M)

107.5 � 14.7 (NS) 115.2 � 27.9 (NS)d

H295R cells were incubated with forskolin (10 �M), the PKA-specific
cAMP analog N6-Bnz at 100 or 500 �M, or the EPAC-specific cAMP
analog 8CPT-2M at 100 or 500 �M for 24 h. Preincubation with IBMX
(100 �M) was for 45 min. Mean values are presented � SD; n � 3–7.
For aldosterone, �69 indicates values below the detectable threshold
of the assay. Statistics were determined by one-way ANOVA,
Bonferroni multiple-comparison post test. NS, Not significant
compared with control.
a P � 0.01 compared with control.
b P � 0.01 for IBMX � N6-Bnz (500 �M) compared with both N6-Bnz
(500 �M) and IBMX alone.
c P � 0.01 for IBMX � N6-Bnz (500 �M) compared with both N6-Bnz
(500 �M) and IBMX alone.
d NS for IBMX � 8CPT-2M (500 �M) compared with both 8CPT-2M
(500 �M) and IBMX alone.
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Consistent with the effects on steroid hormones syn-
thesis, the PKA-specific cAMP analog, but not the EPAC-
specific cAMP analog, stimulated the expression of dif-
ferent factors involved in the metabolism of cholesterol,
(i.e. StAR, NGFI-B, CYP11A1, and CYP17). The results
on the regulation of CYP11A1 and CYP17 expression are
in agreement with previous reports either comparing Y1
and Kin-8 cells (CYPT11A1) (53, 54) or using a pharma-
cological inhibitor of PKA in Leydig cells (CYP17) (55),
which show that cAMP-induced transcription of the cor-
responding genes is dependent upon PKA activation. We
have also observed that the CYP17 promoter is activated
by the PKA- but not the EPAC-specific cAMP analog in
H295R cells (data not shown). ACTH and cAMP both
induce transcription from the NGFI-B gene (43, 44) and
regulate its phosphorylation state (56). Pharmacological
inhibition of PKA showed that cAMP induced the tran-
scription of NGFI-B in corticotropes (57) in a PKA-de-
pendent manner, and our data now clarified the primary
involvement of PKA in the induction of NGFI-B at the
protein level. StAR levels were also increased only after
PKA activation, which is consistent with previous studies

(54). The regulation of StAR expression
by cAMP is unlike that of steroid hy-
droxylases. PKA is not involved in the
transcriptional expression of StAR but
rather functions by regulating its levels
posttranslationally, presumably by reg-
ulating its stability (54). In support of
these data, we have observed that the ac-
tivation of neither PKA nor EPAC could
recapitulate the effects of cAMP-elevat-
ingagentsontheStAR promoter activity
in luciferase reporter assays in Y1 cells
(data not shown). Other signaling mol-
ecules downstream of cAMP are there-
fore likely to be required for StAR tran-
scription, and ERK1/2 (58) and Ca2�/
calmodulinkinases (24)havebeenshown
to be possible candidates.

cAMP is well known to induce char-
acteristic changes in the cell shape and
concomitant reorganization of F-actin
microfilaments in adrenocortical cells
(reviewed in Ref. 18). These functional
responses have previously been attrib-
uted partly to PKA (52, 59). For in-
stance, Kin-8 cells demonstrate only a
partial resistance to cell rounding after
8-Br-cAMP treatment (52). Although it
is not excluded that Kin-8 cells have re-
sidual PKA activity, this result supports
the data presented in Figs. 3 and 4,

namely that the EPAC-specific analog, in addition to the
PKA-specific analog, can reproduce the effects of cAMP
on cell rounding and the concomitant reorganization of
F-actin microfilaments. Our results are also consistent
with the effect of the EPAC-specific analog on the break-
down of actin stress fibers in endothelial cells (60–63) and
in prostate cancer cells (64). Activation of EPAC2B also
significantly inhibited cell migration in H295R cells (Fig.
4B), and this is in line with a recent study by Grandoch et al.
(64) showing that the EPAC-specific cAMP analog inhibited
themigrationofprostatecancercells.Ashasbeenextensively
reported previously, we found that PKA also inhibits migra-
tion (reviewed in Ref. 65). Both the PKA- and EPAC-acti-
vated pathways required simultaneous inhibition of PDEs
to achieve a similar level of response as with forskolin for
the regulation of cell shape and actin remodeling (Figs. 3
and 4A). Synthetic cAMP analogs are hydrolyzed by PDEs
(34, 66), which might explain the requirement of IBMX in
these experiments. In the scratch assay, IBMX had a sig-
nificant effect by itself on cell migration (Fig. 4B), and we
cannot exclude a direct role for PDEs in actin remodeling

A C

B

FIG. 5. The PKA-specific cAMP analog induces the expression of StAR and steroid
hydroxylases in H295R cells. A, Diagram representing the enzymes and the pathways involved
in the synthesis of cortisol and aldosterone in human adrenocortical cells. B, H295R cells were
incubated with forskolin (Fsk) alone (10 �M), the EPAC-specific cAMP analog (8CPT-2M), or
the PKA-specific cAMP analog (N6-Bnz) at 100 and 500 �M for 24 h after a 30-min
preincubation with IBMX (500 �M), as indicated. Cell extracts (25 �g) were subjected to
Western immunoblotting using antibodies against StAR, CYP11A1, CYP17, CYP11B1, and
�-actin. C, For each factor analyzed, two to four independent experiments were performed,
and the densitometric quantifications are shown as means � SD [Student’s t test: *, P � 0.05;
**, P � 0.01; ***, P � 0.001 compared with control (�); ns, not significant].
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and migration. Accordingly, a recent study demon-
strates that the inhibition of PDE4 (using the specific
inhibitor rolipram) stimulated integrin-induced actin
assembly and reduced cell migration, clearly pointing to
a more direct role for PDE4 (67). To the best of our
knowledge, there are no reports on the expression and
the exact function of PDE4 in the adrenal cortex. PDE2,
PDE8B, and PDE11A have been shown to be expressed
in the adrenal cortex (68 –70), and in particular, the
activity of PDE2 was demonstrated to be tightly con-
nected to the regulation of cAMP levels in rat glomeru-
losa cells (71). The aforementioned PDE members may
therefore be plausible candidates for the effects ob-
served with IBMX.

In summary, we have shown that PKA and EPAC2B
have distinct but also overlapping functional roles in ad-
renocortical cells. PKA is clearly the mediator of cAMP-
induced effects on steroidogenesis. However, both PKA
and EPAC2B affect the actin cytoskeleton integrity and
cell migration. This study is the first report showing the
involvement of the splicing variant EPAC2B in these
cAMP-mediated responses and further establishes a role
for EPAC1/2 in actin reorganization and migration. Fur-
thermore, the role of EPAC2B in cell motility may have

wider implications, such as for the organization of the
adrenal gland and for adrenal cancer cell invasion.
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A

B

FIG. 6. The PKA-specific cAMP analog induces the expression of StAR
and CYP11A1 in Y1 cells. A, Y1 cells were incubated with forskolin
(Fsk) alone (10 �M), the EPAC-specific cAMP analog (8CPT-2M), or the
PKA-specific cAMP analog (N6-Bnz) at 100 and 500 �M for 24 h after
a 30-min preincubation with IBMX (500 �M) as indicated. Cell extracts
(25 �g) were subjected to Western immunoblotting using antibodies
against StAR, CYP11A1, and �-actin. B, For each factor analyzed,
two to three independent experiments were performed, and the
densitometric quantifications are shown as means � SD [one-way
ANOVA: **, P � 0.01; ***, P � 0.001 compared with control (�)].

A

B

FIG. 7. PKA, but not EPAC2B, induces the expression of NGFI-B in
H295R and Y1 cells. H295R (A) and Y1 (B) cells were incubated with
forskolin (Fsk) alone (10 �M), the EPAC-specific cAMP analog (8CPT-
2M), or the PKA-specific cAMP analog (N6-Bnz) at 100 and 500 �M for
2 h after a 30-min preincubation with IBMX (500 �M) as indicated. Cell
extracts (40 �g) were subjected to Western immunoblotting using
antibodies against NGFI-B and �-actin. The densitometric
measurements of two to three independent experiments were
quantified and shown as the mean ratios � SD [one-way ANOVA:
*, P � 0.05; **, P � 0.01; ***, P � 0.001 compared with control (�);
ns, not significant].
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39. Côté M, Payet MD, Gallo-Payet N 1997 Association of �S-subunit
of the GS protein with microfilaments and microtubules: implication
during adrenocorticotropin stimulation in rat adrenal glomerulosa
cells. Endocrinology 138:69–78

40. Masui H, Garren LD 1971 Inhibition of replication in functional
mouse adrenal tumor cells by adrenocorticotropic hormone medi-
ated by adenosine 3�:5�-cyclic monophosphate. Proc Natl Acad Sci
USA 68:3206–3210

2160 Aumo et al. Roles of PKA and EPAC2 in Adrenocortical Cells Endocrinology, May 2010, 151(5):2151–2161

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article/151/5/2151/2456573 by U

.S. D
epartm

ent of Justice user on 16 August 2022



41. Armelin MC, Gambarini AG, Armelin HA 1977 On the regulation of
DNA synthesis in a line of adrenocortical tumor cells: effect of serum,
adrenocorticotropin and pituitary factors. J Cell Physiol 93:1–9

42. Perkins LM, Payne AH 1988 Quantification of P450scc, P450(17)
alpha, and iron sulfur protein reductase in Leydig cells and adrenals
of inbred strains of mice. Endocrinology 123:2675–2682

43. Davis IJ, Lau LF 1994 Endocrine and neurogenic regulation of the
orphan nuclear receptors Nur77 and Nurr-1 in the adrenal glands.
Mol Cell Biol 14:3469–3483

44. Wilson TE, Mouw AR, Weaver CA, Milbrandt J, Parker KL 1993
The orphan nuclear receptor NGFI-B regulates expression of the
gene encoding steroid 21-hydroxylase. Mol Cell Biol 13:861–868

45. Zhang P, Mellon SH 1997 Multiple orphan nuclear receptors con-
verge to regulate rat P450c17 gene transcription: novel mechanisms
for orphan nuclear receptor action. Mol Endocrinol 11:891–904

46. Bassett MH, Suzuki T, Sasano H, De Vries CJ, Jimenez PT, Carr BR,
Rainey WE 2004 The orphan nuclear receptor NGFIB regulates
transcription of 3�-hydroxysteroid dehydrogenase: implications for
the control of adrenal functional zonation. J Biol Chem 279:37622–
37630

47. Qiao J, Mei FC, Popov VL, Vergara LA, Cheng X 2002 Cell cycle-
dependent subcellular localization of exchange factor directly acti-
vated by cAMP. J Biol Chem 277:26581–26586

48. Huston E, Lynch MJ, Mohamed A, Collins DM, Hill EV, MacLeod
R, Krause E, Baillie GS, Houslay MD 2008 EPAC and PKA allow
cAMP dual control over DNA-PK nuclear translocation. Proc Natl
Acad Sci USA 105:12791–12796

49. Christensen AE, Selheim F, de Rooij J, Dremier S, Schwede F, Dao
KK, Martinez A, Maenhaut C, Bos JL, Genieser HG, Døskeland SO
2003 cAMP analog mapping of Epac1 and cAMP kinase. Discrim-
inating analogs demonstrate that Epac and cAMP kinase act syner-
gistically to promote PC-12 cell neurite extension. J Biol Chem 278:
35394–35402

50. Petersen RK, Madsen L, Pedersen LM, Hallenborg P, Hagland H,
Viste K, Døskeland SO, Kristiansen K 2008 Cyclic AMP (cAMP)-
mediated stimulation of adipocyte differentiation requires the syn-
ergistic action of Epac- and cAMP-dependent protein kinase-depen-
dent processes. Mol Cell Biol 28:3804–3816

51. Hochbaum D, Hong K, Barila G, Ribeiro-Neto F, Altschuler DL
2008 Epac, in synergy with cAMP-dependent protein kinase (PKA),
is required for cAMP-mediated mitogenesis. J Biol Chem 283:4464–
4468

52. Olson MF, Krolczyk AJ, Gorman KB, Steinberg RA, Schimmer BP
1993 Molecular basis for the 3�,5�-cyclic adenosine monophosphate
resistance of Kin mutant Y1 adrenocortical tumor cells. Mol Endo-
crinol 7:477–487

53. Wong M, Rice DA, Parker KL, Schimmer BP 1989 The roles of
cAMP and cAMP-dependent protein kinase in the expression of
cholesterol side chain cleavage and steroid 11�-hydroxylase genes in
mouse adrenocortical tumor cells. J Biol Chem 264:12867–12871

54. Clark BJ, Ranganathan V, Combs R 2001 Steroidogenic acute reg-
ulatory protein expression is dependent upon post-translational ef-
fects of cAMP-dependent protein kinase A. Mol Cell Endocrinol
173:183–192

55. Laurich VM, Trbovich AM, O’Neill FH, Houk CP, Sluss PM, Payne
AH, Donahoe PK, Teixeira J 2002 Mullerian inhibiting substance
blocks the protein kinase A-induced expression of cytochrome p450
17�-hydroxylase/C(17–20) lyase mRNA in a mouse Leydig cell line
independent of cAMP responsive element binding protein phos-
phorylation. Endocrinology 143:3351–3360

56. Li Y, Lau LF 1997 Adrenocorticotropic hormone regulates the ac-
tivities of the orphan nuclear receptor Nur77 through modulation of
phosphorylation. Endocrinology 138:4138–4146

57. Kovalovsky D, Refojo D, Liberman AC, Hochbaum D, Pereda MP,
Coso OA, Stalla GK, Holsboer F, Arzt E 2002 Activation and in-
duction of NUR77/NURR1 in corticotrophs by CRH/cAMP: in-
volvement of calcium, protein kinase A, and MAPK pathways. Mol
Endocrinol 16:1638–1651

58. Gyles SL, Burns CJ, Whitehouse BJ, Sugden D, Marsh PJ, Persaud
SJ, Jones PM 2001 ERKs regulate cyclic AMP-induced steroid syn-
thesis through transcription of the steroidogenic acute regulatory
(StAR) gene. J Biol Chem 276:34888–34895
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