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Primary pigmented nodular adrenocortical disease (PPNAD) is associated with inactivating mutations of the
PRKAR1A tumor suppressor gene that encodes the regulatory subunit R1a of the cAMP-dependent protein
kinase (PKA). In human and mouse adrenocortical cells, these mutations lead to increased PKA activity,
which results in increased resistance to apoptosis that contributes to the tumorigenic process. We used in
vitro and in vivo models to investigate the possibility of a crosstalk between PKA and mammalian target of rapa-
mycin (mTOR) pathways in adrenocortical cells and its possible involvement in apoptosis resistance. Impact of
PKA signaling on activation of the mTOR pathway and apoptosis was measured in a mouse model of PPNAD
(AdKO mice), in human and mouse adrenocortical cell lines in response to pharmacological inhibitors and in
PPNAD tissues by immunohistochemistry. AdKO mice showed increased mTOR complex 1 (mTORC1) pathway
activity. InhibitionofmTORC1byrapamycinrestoredsensitivityofadrenocortical cells to apoptosis in AdKObut
not in wild-type mice. In both cell lines and mouse adrenals, rapid phosphorylation of mTORC1 targets including
BAD proapoptotic protein was observed in response to PKA activation. Accordingly, BAD hyperphosphoryla-
tion, which inhibits its proapoptotic activity, was increased in both AdKO mouse adrenals and human PPNAD
tissues. In conclusion, mTORC1 pathway is activated by PKA signaling in human and mouse adrenocortical
cells, leading to increased cell survival, which is correlated with BAD hyperphosphorylation. These alterations
could be causative of tumor formation.
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INTRODUCTION

Primary pigmented nodular adrenal disease (PPNAD) is a
benign tumor leading to pituitary-independent hypercortisolism
and Cushing’s syndrome (1). It is mostly detected as part of
Carney complex (CNC), a rare familial disease, in which devel-
opment of multiple endocrine tumors induces endocrine over-
activity and significant morbidity (2). Either isolated or as part
of CNC, this bilateral micronodular adrenocortical hyperplasia
is genetically associated with deregulations in cAMP/PKA
pathway. Indeed, inactivating mutations in the PRKAR1A gene
that encodes the type 1a regulatory subunit of the PKA (R1a)
(3,4) and/or mutations in the PDE-11A and -8B genes that
encode phosphodiesterases (5,6) are found in most cases of
PPNAD. In the adrenal, these mutations induce constitutive ac-
tivation of the cAMP/PKA pathway, resulting in hypercortiso-
lism and adrenal tumor formation in human as well as in mice
bearing Prkar1a down-regulation (4,7). Although glucocortic-
oid synthesis mostly depends on a direct control by the cAMP/
PKA pathway (8), PKA-dependent mechanisms involved in
the deregulation of cell proliferation and/or survival leading to
PPNAD remain poorly identified. A better knowledge of these
events could provide new targets to inhibit the tumorigenic
process and/or the endocrine overactivity.

We have previously observed that both human H295R cells in
culture (9) and mouse adrenocortical cells in vivo (AdKO mice)
(7), showed increased resistance to apoptosis in response to R1a
deficiency. In AdKO mice (for Adrenal cortex-specific Prkar1a
knockout mice), this resistance coincided with the resurgence
and/or incomplete clearance of the fetal X-zone that normally
regresses by apoptosis. These cells with fetal characteristics
that progressively invaded the entire adult cortex were proposed
to be the cause of the tumorigenic process induced by R1a loss.
We thus concluded that resistance to apoptosis was a major
mechanism for the development of adrenal tumors in response
to constitutive PKA activation.

Resistance to apoptosis in adrenocortical cells has already
been associated with repression of the transforming growth
factor b (TGFb) pathway, which in vivo is implicated in the
clearance of the X-zone in mouse and of the fetal zone in
human (10,11). Indeed, down-regulation of PRKAR1A in
H295R cells induces repression of SMAD3 that encodes a key
element of the TGFb pathway, leading to repression of this
pathway and to increased cellular resistance to apoptosis (9).
Moreover, inhibin-a, a negative regulator of the TGFb pathway
is overexpressed specifically in the nodular tumors of PPNAD
tissues and in the adrenals of the AdKO mouse model (7). In
adrenal tissues, this correlates with TGFb pathway inhibition
and subsequent tumorigenesis.

However, other pathways could also be involved in resistance
to apoptosis. Recently, PKA was shown to directly activate the
mTOR pathway in thyroid and ovarian cell cultures in vitro
(12,13). In human PPNAD tissues, depletion of R1a protein
coincides with higher mTOR activation. Furthermore, tumoral
nodules are formed of hypertrophic cells that accumulate lipo-
fuscin, indicating a decrease in autophagy typical of mTOR
activation (14). Consistent with an increase in mTOR activity
the fetal-like tumor cells in AdKO mice are also hypertrophic (7).

Considering the role of mTOR pathway in both cell growth
and survival (15), we hypothesized that mTOR activation by

PKA could play a major role in PKA-dependent micronodular
adrenocortical hyperplasia. Therefore, we have investigated
the impact of increased PKA signaling on mTOR pathway
activity in both adrenocortical cell lines and AdKO mice. We
have also tested whether mTORC1 pathway inhibition could
restore sensitivity to apoptosis in the AdKO PPNAD mouse
model. Finally, we have correlated the crosstalk between PKA
and mTOR to hyperphosphorylation of the BAD protein in adre-
nocortical cells, in mice and in patients. Our results suggest
that regulation of the proapoptotic activity of BAD plays a key
role in the pathogenic mechanisms resulting in PPNAD tumor
formation.

RESULTS

Analysis of mTOR pathway activity in AdKO mice

We previously showed that 12–14 month-old AdKO mice
exhibited increased PKA activity and adrenocorticotropic
hormone (ACTH)-independent Cushing’s syndrome (7). At
that age, we assessed the activity of three downstream targets
of mTOR. Western blot analyses showed that p70 ribosomal
protein S6 kinase 1 (p70S6K1) (2-fold), ribosomal protein
S6 (rpS6) (1.5-fold) and eIF4E-binding protein 1 (4E-BP1)
(3.1-fold) were all hyperphosphorylated in AdKO adrenal
extracts when compared with wild-type (WT) (P , 0.05,
Fig. 1A and B). In contrast, AKT phosphorylation was not sig-
nificantly affected in AdKO adrenals. This suggested that activ-
ity of the upstream members of the phosphoinositide 3-kinase/
AKT/mTOR (PI3-K/AKT/mTOR) pathway was not altered in
response to Prkar1a ablation. We then examined the effect of
specific inhibition of mTORC1 by rapamycin treatment on the
phosphorylation of rpS6 in situ (P-rpS6). In the control con-
ditions (vehicle), WT and AdKO adrenal sections showed
P-rpS6 staining throughout medulla and cortex (Fig. 1Ca). In
AdKO mice, a slightly stronger staining was specifically
detected in the hypertrophic cells of the tumor lesion when com-
pared with the adjacent normal cortex (Fig. 1Cb). Rapamycin
treatment resulted in a complete abolition of P-rpS6 cortical
staining in WT mice (Fig. 1Cc). In contrast, P-rpS6 staining
was preserved within tumoral cells of the inner cortex in
AdKO mice (Fig. 1Cd). Altogether these experiments showed
that mTORC1 signaling was activated downstream of PI3-K in
AdKO adrenal tumors, which resulted in rapamycin-resistant
rpS6 phosphorylation.

Effect of rapamycin treatment on apoptosis in WT
and AdKO mice

We then treated WT and AdKO mice with dexamethasone to
induce apoptosis specifically in adrenocortical cells (16). Apop-
totic figures were quantified in WT and AdKO adrenal sections
after TUNEL (Fig. 2A and B) and cleaved-caspase 3 stainings
(data not shown and Fig. 2C). As previously described (7), the
number of apoptotic cells was significantly higher in WT than
in AdKO cortex, for both TUNEL (109.8+ 9.2 versus 20.2+
2.3, P ¼ 0.002) and cleaved-caspase 3 stainings (135.4+ 19.6
versus 32.1+ 4.9, P ¼ 0.004). Rapamycin treatment alone
had no significant effect on basal apoptosis in both genotypes
(Fig. 2C), or on dexamethasone-induced apoptosis in WT mice
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(Fig. 2B, 109.8+ 9.2 versus 122.4+ 16.6, P ¼ 0.56 and
Fig. 2C). In contrast, the number of apoptotic cells per adrenal
section was significantly increased in AdKO mice receiving
rapamycin and dexamethasone simultaneously (Fig. 2B,
20.2+ 2.3 versus 83.8+ 16.6, P ¼ 0.026 and Fig. 2C). More-
over, under these conditions, differences in cell apoptosis sensi-
tivity between WT and AdKO genotypes were abolished
(Fig. 2B, 122.4+ 16.6 versus 83.8+ 16.6, P ¼ 0.17 and

Fig. 2C). We concluded that rapamycin treatment specifically
sensitized AdKO adrenocortical cells to dexamethasone-
induced apoptosis.

PKA stimulation and mTOR activation in a human
adrenocortical cell line

We then activated PKA pathway in human adrenocortical cell
line H295R with growing concentrations of cAMP analog
8-Br-cAMP, for 15′ (Fig. 3). ATF1, mTOR and rpS6 phos-
phorylation levels were all significantly increased by treatment
with 1 mM 8-Br-cAMP (Fig. 3B, P , 0.05). A lower, yet not

Figure 1. Phosphorylation of AKT/mTOR pathway proteins in adrenals of WT
and AdKO mice. (A) Phosphorylated S6K1, rpS6, 4E-BP1 and AKT were
detected in adrenal tissues from 12 to 14 month-old WT and AdKO mice. (B)
Phosphorylation signal illustrated in A was quantified in five to six samples
(values+SEM). Values represent relative band density of the phosphorylated
forms over total signal of the corresponding proteins, expressed as a percentage
of the mean ofWT. ∗P , 0.05. (C) Immunostaining forP-rpS6 in adrenal sections
of vehicle-treated (Vhl) WT (a) and AdKO (b) compared with rapamycin-treated
WT (c) and AdKO (d) mice. Dotted line delineates medullary (M) and cortical com-
partments, normal cortex (double headed arrow) and tumoral inner cortex (double
dotted arrow) are indicated. Scale bars, 100 mm.

Figure 2. Dexamethasone-induced apoptosis in adrenals of vehicle or rapamy-
cin-treated WT and AdKO mice. (A) TUNEL staining of adrenal sections
from dexamethasone/vehicle-treated WT and AdKO (Dex) compared with
dexamethasone/rapamycin-treated WT and AdKO mice (Dex/Rapa). (B) The
number of TUNEL-stained cells illustrated in A was quantified in four to seven
individuals per condition (values+SEM). Values represent the number of
stained cells per adrenal section expressed as a percentage of the mean of WT.
∗P , 0.05. (C) Cleaved-caspase 3 staining in adrenal sections was also per-
formed in four different treatment groups (vehicle, dexamethasone, rapamycin,
dexamethasone/rapamycin) in both genotypes (WT and AdKO): the number of
stained cells was quantified in four to eight individuals per condition (values+
SEM). Values represent the number of cleaved-caspase 3 stained cells per
adrenal section expressed as a percentage of the mean of WT. ∗P , 0.05. Vhl,
vehicle; Dex, dexamethasone; Rapa, Rapamycin. Scale bars, 100 mm.
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significant response was observed for rpS6 phosphorylation
(P ¼ 0.055) upon 0.1 mM 8-Br-cAMP treatment. Co-treatments
with specific PKA inhibitor H89 and/or specific mTORC1 in-
hibitor rapamycin were performed (Fig. 3A and C). As expected,
8-Br-cAMP-induced ATF1 phosphorylation was strongly inhib-
ited by H89 treatment (491.2+ 95.5 versus 109.5+ 25.1, P ¼
0.0058), but was unaltered in response to rapamycin (491.2+

95.5 versus 519.9+ 104.4, P ¼ 0.68). Simultaneous treatment
with H89 and rapamycin induced very similar response to treat-
ment with H89 alone (491.2+ 95.5 versus 85.8+ 37, P ¼
0.005). mTOR and rpS6 phosphorylation levels were significantly
inhibited by rapamycin or H89 treatment (P , 0.05) and a
maximal inhibition occurred when rapamycin and H89 were sim-
ultaneously applied (mTOR: 179.6+35.5 versus 42.8+13.8,

Figure 3. Phosphorylation of protein targets of PKA and AKT/mTOR signaling pathways in H295R human adrenocortical cells. (A) Phosphorylated mTOR, rpS6 and
ATF1 were detected in cells treated for 15′ with various combinations of PKA activator 8-Br-cAMP, PKA inhibitor H89 and mTORC1 inhibitor rapamycin. (B) Phos-
phorylation signals of mTOR, rpS6 and ATF1 were quantified (values+SEM). (C) Phosphorylation signals of mTOR, rpS6 and ATF1 in the presence of 0.1 mM of
PKAactivator 8-Br-cAMPwere quantifiedafter treatment by either PKA inhibitorH89(5 mM) and/ormTORC1inhibitor rapamycin (50 nM). (values+SEM). Values
in B and C represent relativeband densityover tubulinexpressedas a percentage of the mean of the vehiclecondition.Total mTOR, rpS6 and ATF1proteinsignals were
unaffected by these short-time treatments (not shown). n ¼ 4; ∗P , 0.05. Vhl, vehicle; Rapa, rapamycin.
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P ¼ 0.0054; rpS6: 132.1+ 15.9 versus 57.5+ 10.3, P ¼
0.0044). We concluded that PKA stimulation induced activation
of mTOR pathway in human adrenocortical cells.

PKA stimulation and mTOR activation in a mouse
adrenocortical cell line

Similar experiments were then performed in the adrenocortical
mouse cell line ATC7 (17) (Fig. 4). CREB, mTOR, S6K1 and
rpS6 were all phosphorylated in a dose-dependent manner in re-
sponse to ACTH, the natural hormonal inducer of PKA signaling
in the adrenal cortex (Fig. 4A). The specific PKA activator
8-Br-cAMP had a comparable effect, indicating that the phos-
phorylation of all these proteins in response to ACTH was
mediated by PKA activation (Fig. 4B). Kinetics experiments
(2′ to 1 h, Fig. 4B) showed that phosphorylation of CREB,
mTOR and rpS6 occurred as early as 2′ after ACTH treatment,
with a maximum was achieved after 15′. Interestingly, AKT
phosphorylation was not enhanced by ACTH and even tended
to decrease over time (Fig. 4B). However, as expected, activa-
tion of PI3K/AKT/mTOR pathway by insulin induced a strong
phosphorylation of AKT, showing that it was able to respond
to specific activation in these cells (Fig. 4B). Finally, mechan-
isms of ACTH activation were tested in the presence of PKA in-
hibitor H89 and/or mTORC1 inhibitor rapamycin (Fig. 4C).
ACTH-dependent PKA activation induced a significant increase
in CREB, mTOR and rpS6 phosphorylation (P , 0.01). As in the
H295R cell line, ACTH-dependent CREB phosphorylation was
significantly inhibited by H89 treatment (417.6+ 91.5 versus
284.8+ 50.3, P ¼ 0.0073) but was unaltered by rapamycin
treatment (417.6+ 91.5 versus 440.3+ 118.1, P ¼ 0.86). The
combined treatment with H89 and rapamycin had a similar
effect to H89 alone (417.6+ 91.5 versus 246.3+ 83.9, P ¼
0.03). mTOR phosphorylation was insensitive to treatments
with rapamycin and/or H89. However, as in H295R cells, rpS6
phosphorylation was significantly inhibited by rapamycin or
H89 treatment (P , 0.05) and a maximal inhibition was
observed in response to simultaneous exposure to rapamycin
and H89 (199.5+ 24.7 versus 74.6+ 14.9, P ¼ 0.0085). We
concluded that PKA stimulation induced activation of mTOR
pathway in murine adrenocortical cells.

PKA stimulation and resistance to apoptosis in a mouse
adrenocortical cell line

ATC7 cells were treated with HA14-1, a molecule designed to
trap anti-apoptotic BCL-2/BCL-XL proteins and to induce apop-
tosis as a result (Fig. 5) (18). Immunodetection of the cleaved
forms of PARP and Caspase-3 showed an induction of apoptosis
upon HA14-1 treatment (Fig. 5A). Interestingly, forskolin
co-treatment, which induced PKA activation as shown by
AKR1B7 induction, had a significant inhibitory effect on the
cleavage of apoptotic markers PARP (100+ 10.2 versus
42.8+ 4.1, P ¼ 0.005) and Caspase-3 (100+ 3.3 versus
26.6+ 10.6, P ¼ 0.02) (Fig. 5A and B). This inhibitory effect
of PKA activation on HA14-1-induced apoptosis was further
confirmed by the decreased percentage of sub-G0/G1 cells in
flow cytometric analyses (vehicle-treated, 47.0+ 3.5% versus
Fsk-treated, 26.2+ 4.1%, P ¼ 0.017 and not shown). We
then evaluated the phosphorylation, i.e. inactivation, of the

proapoptotic protein BAD in ACTH-treated ATC7 cells. Two
residues were studied, serine 112, which is known to be phos-
phorylated by PKA, and serine 136, whose phosphorylation
depends on AKT and p70S6K1. Both residues were phosphory-
lated in a dose-dependent manner after 15′ of ACTH treatment
(Fig. 5C). A similar result was also observed in response to the
specific PKA activator 8-Br-cAMP (Fig. 5D). Interestingly,
during induction kinetics with ACTH, BAD phosphorylation
at both positions paralleled CREB phosphorylation, but
seemed cumulative over the time of experiment (Fig. 5D),
exceeding the phosphorylation levels induced by 15′ treatment
with either 8-Br-cAMP or insulin (Fig. 5D).

PKA stimulation and BAD phosphorylation in mouse
and human PPNAD

Next, we looked for the same kind of correlation in vivo. WT
mice were injected with ACTH and culled 2 h later. Strong
PKA activation resulted in an increase in plasma corticosterone
levels (vehicle-treated, 15.2+ 2.3 versus ACTH-treated, 310+
24, in ng/ml, P , 0.001). Immunodetection of total and phos-
phorylated forms of BAD and rpS6 was performed on adrenal
extracts (Fig. 6A and B). As expected, rpS6 was more phos-
phorylated in ACTH-treated than in vehicle-treated mice
(2-fold, P , 0.001). Total (2.6-fold, P , 0.001) and phosphory-
lated BAD levels were significantly increased by ACTH treat-
ment. When normalized according to total BAD levels, BAD
phosphorylation was increased at Ser112 (3.8-fold, P , 0.001)
but was unaltered at Ser136 (1.08-fold, P ¼ 0.64). We then eval-
uated phosphorylation and global expression of BAD in AdKO
mice (Fig. 6C and D). Total BAD levels were not significantly af-
fected in these mice, although they tended to increase by 26%
(P ¼ 0.07). Interestingly, an increased phosphorylation level
of BAD was found at Ser112 as well as at Ser136 (2.6-fold,
P ¼ 0.0028 and 1.5-fold, P ¼ 0.025, respectively). Levels of
the anti-apoptotic BCL-XL protein were found unchanged
between WT and AdKO adrenal extracts (Fig. 6C and D).
Finally, immunohistological stainings were performed on
human PPNAD sections. Both Ser112 and Ser136 residues of
BAD were found specifically hyperphosphorylated in the cells
of the tumor nodules (Fig. 6E and F). Importantly, the expected
hyperphosphorylation of rpS6 was detected in the nodules while
no hyperphosphorylation of AKT was revealed in the same
tissues (Fig. 6G). Therefore, we concluded that a positive correl-
ation existed between PKA activation and BAD phosphorylation
both in a mouse model of Prkar1a inactivation and in patients
with PPNAD.

DISCUSSION

Although PKA plays a central role in the development of
PPNAD, the molecular underpinnings of its tumorigenic activity
remain elusive. On the basis of in vitro data, it had been proposed
that PKA may act at least in part, through stimulation of mTOR
signaling (14). Here we show that mTORC1 pathway activity is
partially dependent on PKA pathway activity in adrenocortical
cells in culture and in vivo both in a mouse model of PPNAD
and in patients.
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Interaction between PKA and mTOR pathways

Interestingly, at least three different mechanisms were described
for this crosstalk. In PPNAD, it has been proposed that R1a was
able to bind to and regulate mTOR kinase activity through a
mechanism reminiscent of its regulation of the catalytic subunits
of PKA (14,20). In thyroid cells, PKA phosphorylated Thr246
residue of the negative mTOR regulator PRAS40 and conse-
quently induced its dissociation from mTOR (12). In pancreatic
b-cells, rpS6 protein was described as a direct target of the PKA
catalytic subunit (21). Our observations in both ATC7 and
H295R cell lines indicate a short-term interaction between
PKA activation and mTOR pathway activation (Fig. 3 and 4).
In human adrenocortical H295R cells, cAMP-induced mTOR

phosphorylation was decreased by H89 (Fig. 3A and C),
showing that PKA catalytic activity was required to achieve
this phosphorylation. In murine ATC7 cells, mTOR phosphoryl-
ation was only mildly induced by PKA stimulation and was in-
sensitive to H89 or rapamycin treatment (Fig. 4C and D).
However, in these cells, Thr389 phosphorylation of S6K1 was
increased by ACTH, serum or insulin treatment but completely
abolished in the presence of rapamycin (Supplementary Mater-
ial, Fig. S1). This suggested that although there was no obvious
change in mTOR phosphorylation, mTOR kinase activity was
obviously affected. In ATC7 cells, rpS6 was still phosphorylated
in response to ACTH treatment in the presence of rapamycin
(Fig. 4C, compare lanes 2 and 6 : 52.6+ 14.3 versus 127.3+
19.7, P ¼ 0.025). Considering the dramatic effect of rapamycin

Figure 4. Phosphorylation of protein targets of PKA and AKT/mTOR signalling pathways in murine ATC7 adrenocortical cells. (A) Phosphorylated mTOR, S6K1,
rpS6 and CREB weredetected in cells treated for 15′ with increasingconcentrations of ACTH. (B) Phosphorylated AKT, mTOR, rpS6 and CREB were detected in cells
treated for 2′ to 1 h with PKA hormonal activator ACTH or for 15′ with either the specific PKA activator 8-Br-cAMP or the PI3K/AKT/mTOR pathway hormonal
activator insulin. (C) Phosphorylated mTOR, rpS6 and CREB were detected in cells treated in various combinations with ACTH, PKA inhibitor H89 and mTORC1
inhibitor rapamycin. (D) Corresponding phosphorylation signals of mTOR, rpS6 and CREB were quantified (values+SEM). Values represent relative band density
over tubulin expressed as a percentage of the mean of the control. Total mTOR, S6K1, rpS6 and CREB protein signals were unaffected by these short-time treatments
(not shown). n ¼ 4; ∗P , 0.05. Vhl, vehicle; 8Br, 8-Br-cAMP; Ins, insulin; Rapa, rapamycin.
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on S6K1, this rapamycin-resistant rpS6 phosphorylation may be
due to a direct action of PKA kinase activity on rpS6 (21). Ac-
cordingly, in our PPNAD mouse model, rapamycin treatment
sensitized adrenal cortical cells to apoptosis (Fig. 2), in the
absence of effect on rpS6 phosphorylation in the tumor
(Fig. 1C). Taken together, these results suggested that in the
adrenal cortex, PKA–mTOR crosstalk is ensured by at least
two non-exclusive PKA-dependent mechanisms: the phosphor-
ylation of mTOR and the phosphorylation of mTOR downstream
targets (Supplementary Material, Fig. S2).

Role of AKT/PKB in the interaction between PKA and
mTOR pathways

mTOR is a downstream target of AKT/PKB (22) and AKT/PKB
kinase activity has also been implicated in tumorigenesis (23)
and could participate to PPNAD. We thus analysed a potential
involvement of AKT/PKB in the crosstalk between PKA and
mTOR signaling pathways. The phosphorylation of Ser473
reflects the activity of the AKT/PKB kinase (24). In ATC7
cells, insulin treatment induced a robust phosphorylation of
AKT, mTOR, rpS6 (Fig. 4B) and S6K1 (Supplementary Mater-
ial, Fig. S1). However, Ser473 phosphorylation of AKT was in-
sensitive to ACTH treatment, and even tended to decrease over
1 h (Fig. 4B). In AdKO mice, mTOR pathway activation was
observed in the absence of increased AKT Ser473 phosphoryl-
ation. These results are consistent with human data. Indeed, no
hyperphosphorylation of AKT/PKB was detected in PPNAD
nodules (25), a result we confirmed in the PPNAD samples
that we processed in this study (Fig. 6G). Taken together, these
data indicate that AKT is not involved in PKA-driven mTOR
pathway activation in adrenocortical cell cultures as well as in
vivo in AdKO mice adrenals and in human PPNAD tissues.
Thus, AKT is not essential to the tumorigenic process in the
context of PPNAD.

BAD as a potential anti-apoptotic effector of PKA-mTOR
crosstalk

BAD is a proapoptotic member of the BCL-2 family, which
induces apoptosis by preventing BAX from binding to BCL-2
and BCL-XL (26). BAD is phosphorylated in response to
many survival pathways, its phosphorylation resulting in an in-
activation through cytoplasmic retention by 14-3-3 sigma (27).
The phosphorylation of Ser112 and Ser155 residues is essentially
dependent on PKA activity (28,29), while Ser136 phosphoryl-
ation can be achieved by AKT or S6K1 (30,31). Our data
showed that BAD phosphorylation was achieved through PKA
stimulation in both adrenocortical cell cultures and in vivo.
Moreover, when observed in WT mice, PKA stimulation
induced a classical phosphorylation on BAD Ser112, but no re-
sponse from BAD Ser136 (Fig. 6A and B). In contrast, in AdKO
mice, basal phosphorylation at both Ser112 and Ser136 was
increased when compared with WT mice (Fig. 6C and D). Con-
sistent with these data, both Ser112 and Ser136 were highly
phosphorylated in PPNAD nodules (Fig. 6E). Our data show
that AKT activity is not increased in AdKO mice and PPNAD
nodules, which suggests that BAD Ser136 phosphorylation
results from increased S6K1 activity in response to PKA activa-
tion. Altogether, these observations support the hypothesis that
activation of mTOR pathway could be involved in PKA-
dependent resistance to apoptosis, which could sensitize adreno-
cortical cells to tumor development. However, at present, it
remains uncertain whether BAD hyperphosphorylation is the
principal effector of the anti-apoptotic effects of increased
PKA signaling. Alterations in other pathways cannot be ruled
out in PPNAD and might cooperate with mTOR activation.
For instance, we previously showed that increased cell survival
in both PPNAD and animal models appeared to be correlated to
inhibition of TGFb/activin signaling (7,9). To what extent these
different signaling pathways are responsible for apoptosis resist-
ance and tumor development remains to be explored.

Figure 5. Apoptosis induction and BAD phosphorylation in murine ATC7 adre-
nocortical cells. (A) PARP and Caspase 3 cleavage and AKR1B7 levels were
detected in ATC7 cells treated with PKA pathway activator forskolin (Fsk)
and/or apoptosis inductor HA14-1 for 4 h. (B) PARP and Caspase 3 cleavage
was quantified in response to HA14-1 in the presence or absence of forskolin
(values+SEM). Values represent relative band density over actin for cleaved-
caspase 3 and relative cleaved protein over total protein for cleaved-PARP,
expressed as a percentage of the mean of the control. n ¼ 5; ∗P , 0.05. Vhl,
vehicle. (C) BAD phosphorylation at Ser112 or Ser136 positions was detected
in cells treated for 15′ with increasing concentrations of ACTH. (D) BAD phos-
phorylation at Ser112 or Ser136 positions was detected in cells treated for various
amounts of time with the PKA pathway activator ACTH or for 15′ with either the
specific PKA activator 8-Br-cAMP (8Br) or PI3K/AKT/mTOR pathway activa-
tor insulin (Ins). Total BAD and CREB protein signals were unaffected by these
short-time treatments (not shown).
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Figure 6. Ser112 and Ser136 phosphorylation of BAD in adrenals from WT and AdKO mice. (A) P-rpS6, BAD, P-BAD Ser112 and P-BAD Ser136 were detected in
adrenal tissues from ACTH-treated or from vehicle-treated WT mice (Vhl). (B) Results illustrated in A were quantified (values+SEM). Values represent relative
band density over actin expressed as a percentage of the mean of vehicle-treated mice for P-rpS6 and BAD, and relative band density over BAD expressed as a per-
centage of the mean of vehicle-treated mice for the two forms of P-BAD. n ¼ 7. (C) BCL-XL, BAD, P-BAD Ser112 and P-BAD Ser136 were detected in adrenal
tissues from 12 to 14 month-old WT and AdKO mice. (D) Results illustrated in C were quantified on five WT and six AdKO mice (values+SEM). Values represent
relative band density over actin expressed as a percentage of the mean of WT mice for BCL-XL and BAD, and relative band density over BAD expressed as a per-
centage of the mean of WT mice for the two forms of P-BAD. (E–G) P-BAD Ser112, P-BAD Ser136, P-rpS6 and P-AKT were detected in PPNAD human adrenal
samples from patients carrying germline PRKAR1A-inactivating mutation (19) and counterstained with hematoxylin. ∗P , 0.05. Scale bars, 100 mm in magnification
and 500 mm in entire adrenal.
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mTOR as therapeutical target: the possibility of rapamycin
treatment in Carney complex?

Our data show that rapamycin treatment suppresses apoptosis re-
sistance in adrenal tumors from mice lacking R1a (AdKO) but
does not trigger apoptosis in WT (Fig. 2). These results indicate
that (i) mTORC1 pathway is involved in the (R1a-)PKA-
dependent increased cell survival, (ii) mTORC1 pathway is
likely to be involved in adrenal tumorigenesis and (iii) rapamy-
cin treatment might be a potential tool to correct the deleterious
effect of (R1a-)PKA-dependent mTORC1 overactivity in
PPNAD, as previously hypothesized (14).

In summary, we demonstrated that mTOR pathway is acti-
vated through PKA overactivity in adrenocortical cells. This
phenomenon occurs in vitro as well as in vivo and in PPNAD
patients (14). We revealed a correlation, in vitro, in vivo and in
PPNAD samples, between PKA/mTOR activation and BAD
phosphorylation, which could be a mechanism accounting for re-
sistance to apoptosis. We hypothesized that this could be import-
ant in adrenal tumorigenesis, and found that in a mouse model of
PPNAD, mTORC1 pathway down-regulation by rapamycin sen-
sitized adrenocortical cells to apoptosis, the phenomenon
thought to be responsible for hyperplasia in this model. Consid-
ering that mTOR is overactivated in many tumors of different
tissues (32), mTOR pathway appears as a good candidate for
early steps of adrenal tumorigenesis. Consequently, rapamycin
could present a therapeutic potential in the treatment of
adrenal hyperplasia. Furthermore, in the context of Carney
complex, PKA pathway overactivation is known for its tumori-
genic potential in other endocrine tissues and in the heart and
skin (2,33,34). It would be interesting to study the relevance of
PKA-mTOR crosstalk in these tissues and its potential involve-
ment in their tumorigenesis.

MATERIALS AND METHODS

Human PPNAD tissue sections

Informed signed consent for the analysis of adrenal tissue and for
genetic diagnosis was obtained from the patients. The study was
approved by an institutional review board (Comité Consultatif
de Protection des Personnes dans la Recherche Biomédicale,
Cochin Hospital, Paris). PPNAD paraffin sections were cut
from adrenal samples of patients who underwent bilateral adre-
nalectomy for ACTH-independent Cushing’s syndrome in the
context of isolated PPNAD or PPNAD within Carney complex.
All patients carried germline inactivating mutations of the
PRKAR1A gene.

Animals and hormonal treatments

Animal studies were conducted in agreement with international
standards for animal welfare and approved by Auvergne Ethics
Committee. Treatments were performed on adult male mice,
with procedures depending on the considered compound: dexa-
methasone acetate in sesame oil was injected subcutaneously for
4 days (75 mg/mouse twice a day, Sigma-Aldrich); vehicle
(NaCl 0.9%) or ACTH (1.2 U/mouse, Synacthene Retard,
Novartis Pharma S.A.) were given as a single intra-muscular in-
jection 2 h before culling. Rapamycin (5 mg/kg bodyweight/
day) or corresponding vehicle was provided as intraperitoneal

injections for 4 days. Rapamycin (#R-5000, LC Laboratories)
was diluted at a final concentration of 50 mg/ml in a vehicle so-
lution of phosphate buffered saline/10%, tween80/5%, ethanol/
5%, cremophor (#C5135, Sigma-Aldrich).

Cultured cells and treatments

Mouse adrenocortical ATC7 cells and human adrenocortical
H295R cancer cells were cultured as previously described and
maintained in serum-free media for 12 h before treatments
(17,35). ACTH (0.25 mg/ml Synacthene Immediat, Novartis
Pharma S.A) or Insulin (#I3536, Sigma-Aldrich) were diluted
in DMEM/Ham’s F12 medium; Rapamycin (#R-5000, LC la-
boratories), H89 (#EI196, Biomol Research Laboratories),
8-Br-cAMP, forskolin, HA14-1 (#B7880, #F6886, #H8787, re-
spectively, Sigma-Aldrich) were resuspended in DMSO,
which was also used as the control in all experiments. In all
cases, the final concentration of DMSO was maintained
,0.1%. Where required, cell cultures were pre-incubated with
inhibitors (rapamycin or H89) for 1 h before adding inducers.
To minimize side-effects of treatments in the short-time experi-
ments, inductors were added to prewarmed media at a two-fold
concentration. Prewarmed media were then added directly to
culture media so as to be diluted two-fold. To terminate experi-
ments, culture media were removed and cells were directly
treated with cold extraction buffer on ice.

Histology and immunostaining

Preparation of adrenal samples and stainings/counterstainings
were performed as previously described (7). The following
primary antibodies were used according to manufacturers’
protocols: anti-cleaved-caspase 3 (Asp175) (Cell Signaling,
#9661), anti-P-rpS6 ribosomal protein Ser235-236 (Cell Signal-
ing, #2211), anti-P-BAD Ser112 (Cell Signaling, #5284);
anti-P-BAD Ser136 (Abcam, #ab28824); anti-P-AKT1/PKBa
Ser473 (Epitomics, #2118-1).

Western blot analysis

Extraction of adrenal samples or cellular samples and western
blotting were done as previously described (7). The following
primary antibodies, if not specified, were used as described in
manufacturers’ protocols: anti-CREB #9192, anti-P-CREB Ser133
#9191, anti-mTOR #2972, anti-P-mTOR Ser2448 #2971, anti-
S6K1 #9202, anti-P-S6K1 Thr389 #9205, anti-rpS6 #2217,
anti-P-rpS6 Ser235-236 #2211 (1/5000), anti-4EBP1 #9644,
anti-P-4EBP1 Thr37-46 #2855 (1/3000), anti-cleaved-caspase
3 (Asp175) #9661, anti-BAD #9292, anti-P-BAD Ser112
#5284, anti-P-BAD Ser136 #4366 (from Cell Signaling); anti-
actin #A2066, anti-tubulin #T0198 (from Sigma-Aldrich);
anti-P-AKT1/PKBa Ser473 (Epitomics, #2118-1); anti-AKR1B7
antibody (36). Western blot signals were quantified with a
DNR MF ChemiBis 3.2 camera and Multi Gauge Software
suite (Fujifilm).

Statistical analysis

Statistical analyses were performed with Student’s t test.
P-values under 0.05 were considered significant.
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SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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