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Carney complex (CNC) is a hereditary disease associating cardiac myxoma, spotty skin pigmentation and endo-
crine overactivity. CNC is caused by inactivating mutations in the PRKAR1A gene encoding PKA type I alpha
regulatory subunit (RIa). Although PKA activity is enhanced in CNC, the mechanisms linking PKA dysregulation
to endocrine tumorigenesis are poorly understood. In this study, we used Förster resonance energy transfer
(FRET)-based sensors for cAMP and PKA activity to define the role of RIa in the spatiotemporal organization
of the cAMP/PKA pathway. RIaknockdown in HEK293 cells increased basal as well as forskolin or prostaglandin
E1 (PGE1)-stimulated total cellular PKA activity as reported by western blots of endogenous PKA targets and the
FRET-based global PKA activity reporter, AKAR3. Using variants of AKAR3 targeted to subcellular compart-
ments, we identified similar increases in the response to PGE1 in the cytoplasm and at the outer mitochondrial
membrane. In contrast, at the plasma membrane, the response to PGE1 was decreased along with an increase in
basal FRET ratio. These results were confirmed by western blot analysis of basal and PGE1-induced phosphor-
ylation of membrane-associated vasodilator-stimulated phosphoprotein. Similar differences were observed be-
tween the cytoplasm and the plasma membrane in human adrenal cells carrying a RIa inactivating mutation. RIa
inactivationalso increasedcAMPin thecytoplasm,at theoutermitochondrialmembraneand at theplasmamem-
brane, as reported by targeted versions of the cAMP indicator Epac1-camps. These results show that RIa inacti-
vation leads to multiple, compartment-specific alterations of the cAMP/PKA pathway revealing new aspects of
signaling dysregulation in tumorigenesis.

†These authors contributed equally.

∗To whom correspondence should be addressed at: INSERM UMR-S769, Faculté de Pharmacie, Université Paris-Sud, 5 rue JB Clément, Châtenay-Malabry
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INTRODUCTION

The cAMP pathway transduces the action of numerous hor-
mones into a plethora of cellular functions ranging from metab-
olism and cellular excitability to cell growth and differentiation.
These hormones bind to G-protein-coupled receptors (GPCRs)
which in turn activate either Gs or Gi proteins to stimulate or
inhibit cAMP synthesis by adenylyl cyclase, respectively. Al-
though cAMP regulates some of these processes through direct
binding to cyclic nucleotide gated channels or exchange
factors for small G proteins Epac, a large majority of cAMP-
dependent effects are mediated by the cAMP-dependent
protein kinase (PKA) (1). In the absence of cAMP, PKA is a het-
erotetramer composed of two catalytic (C) and two regulatory
(R) subunits. Binding of two cAMP molecules on each R
subunit results in dissociation and activation of the C subunits.
Two types of PKA, designated PKAI and PKAII, were originally
identified based on the nature of their R subunit, termed RI and
RII (2,3). Molecular cloning subsequently revealed the existence
of two RI subunits (RIa and RIb) and two RII subunits (RIIa and
RIIb) encoded by distinct genes, as well as up to four C subunits
(Ca, Cb, Cg and PRKX) (1). Such molecular diversity gives rise
to multiple PKA isozymes with distinct biochemical properties
(4) and physiological functions (5). It also confers to the PKA
system the capacity to self-regulate, a process in which the
RIa subunit plays a unique role, acting as an universal buffer
of unregulated PKA activity. Indeed, compensatory increase in
RIa protein have been observed upon overexpression of C sub-
units in NIH 3T3 fibroblasts and pituitary AtT-20 cells (6), upon
silencing of RIIb subunits in Y1 adrenal cells (7) or upon invali-
dation of the genes encoding for RIb, RIIa and RIIb in mice
(reviewed in (5)). Accordingly, RIa is the only PKA subunit
which absence results in embryonic lethality in mice due to
impaired development of the heart (8,9).

A crucial mechanism to achieve PKA signaling specificity is
the subcellular targeting of the kinase via scaffold proteins called
A-kinase anchoring proteins (AKAPs) (1,10). AKAPs cluster
PKA to its downstream targets as well as signal termination
enzymes such as phosphatases (11,12) and phosphodiesterases
(PDEs) (13,14). For instance, in HEK293 cells, AKAP250
(gravin) binds PKAII and PDE4D to control cAMP levels
beneath the plasma membrane (15). Although the majority of
AKAPs described so far bind PKAII, it is now appreciated that
PKAI is also specifically localized by AKAPs in various cell
types (16–21). For instance, PAP7 specifically targets PKAI at
the outer mitochondrial membrane to regulate the steroid acute
response protein and cholesterol transport in steroid producing
cells (22,23).

Mutations in various components of the cAMP pathway such
as GPCRs, Gs, PKA and PDEs have been associated with endo-
crine diseases. Recently, gain-of-function mutations in the RIa
gene PRKAR1A at 17q23-24 that decrease PKA sensitivity to
cAMP and confer hormonal resistance were reported in patients
with acrodysostosis, a rare form of skeletal dysplasia character-
ized by short stature, severe brachydactyly, facial dysostosis and
nasal hypoplasia (24–26). In contrast, inactivating mutations of
RIa have been found in patients with “Carney complex” (CNC)
(27–29). CNC is an autosomal dominant multiple endocrine
neoplasia syndrome defined by the association of “myxomas,
spotty skin pigmentation and endocrine overactivity” (30,31).

The most frequent endocrine manifestation is primary pigmen-
ted nodular adrenal disease (PPNAD), but acromegaly, thyroid
adenomas or carcinomas, ovarian cysts or cancer and large cell
calcifying Sertoli cell tumors are also associated with CNC.
PPNAD is responsible for an ACTH-independent Cushing’s
syndrome linked to an autonomic secretion of cortisol by the
two adrenals. Most often, medical treatment is insufficient and
patients undergo bilateral adrenalectomy. A recent publication
reported a total of 117 pathogenic PRKAR1A mutations identi-
fied to date (32). The majority of PRKAR1A inactivating muta-
tions leads to a premature stop codon (97/117; 82.9%) and an
unstable mRNA degraded by non-sense mediated mRNA
decay (NMD) leading to a 50% reduction of cellular RIa level
(32). Since a 17q22–24 allelic loss is often observed in tumors
from CNC patients, these mutations may lead to a complete
loss of PRKAR1A expression (28). Reduced levels of RIa are
associated with an increase in total cellular or tissue PKA activity
(8,28,33). Primary mouse embryonic fibroblasts lacking RIa
exhibit constitutive PKA activation and are immortalized (34).
Heterozygous mice with PRKAR1A inactivation develop
tumors (35) and have fertility defects (36). Selective inactivation
of PRKAR1A in the adrenal cortex of mice increases PKA activ-
ity and reproduces the essential features of PPNAD in humans
with PRKAR1A mutations (37).

The mechanisms by which PRKAR1A inactivation increases
PKA activity are not completely understood. Considering the
major role of compartmentation for physiological cAMP/PKA
signaling, it is crucial to understand the effects of PRKAR1A
mutations at the subcellular level. The consequences of
PRKAR1A inactivation might differ between subcellular com-
partments and/or the timing of PKA activation. RIa inactivation
might also alter the cAMP buffering capacity of the cell, thus
impacting subcellular cAMP levels (38–40). Over the last
decade, new methods for monitoring intracellular PKA activity
and cAMP levels in single living cells have been developed.
A-kinase activity reporter (AKARs) and Epac-based cAMP
sensors are genetically encoded probes based on Förster reson-
ance energy transfer (FRET) that allow real-time monitoring
of PKA activity and cAMP levels (41–44). Here, we used var-
iants of these sensors targeted to various subcellular compart-
ments to investigate the consequences of PRKAR1A
inactivation on the subcellular dynamics of the cAMP/PKA
pathway.

RESULTS

PRKAR1A silencing increases forskolin-stimulated global
PKA activity in HEK293 cells

As stated above, the majority of PRKAR1A inactivating muta-
tions introduce a premature stop codon and NMD (32). To
mimic this situation, we used a small interfering RNA (SiRIa)
to knockdown PRKAR1A expression in HEK293 cells. As
shown in Figure 1A and B, PRKAR1A mRNA and protein
levels were reduced by �80% in cells transfected with SiRIa
for 48 h as compared with a scrambled siRNA (SiS) used as
control. PRKAR1A silencing did not alter mRNA or protein
levels for the other PKA subunits including RIIa, RIIb and C.

To investigate the consequences of PRKAR1A knockdown on
total PKA activity in living cells, HEK293 cells were
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cotransfected with siRNA and the A-kinase activity reporter,
AKAR3. AKAR3 includes a phosphothreonine-binding
domain [forkhead associated domain 1 (FHA)] and a PKA con-
sensus site inserted between optimized variants of the FRET pair
CFP and YFP. The FHA domain binds the substrate domain
when phosphorylated by PKA, thus allowing FRET between
the two fluorophores (41). As shown in the inset of Figure 1C,
the average basal YFP/CFP ratio tended to be higher in
PRKAR1A-silenced cells (P ¼ 0.058). As shown in the frames
of Figure 1D and by the average time courses in Figure 1C, the
activation started to be observed at 0.3 mM forskolin (P , 0.05
versus basal) in PRKAR1A-silenced cells, a concentration that
had no effect in control cells. Moreover, for each forskolin con-
centration between 1 and 30 mM, PKA activity was higher in
RIa-deficient cells compared with controls (Fig. 1C). Thus,
RIa knockdown increased the potency and efficacy of global
PKA activation in HEK293 cells.

PRKAR1A silencing increases global PKA activity
in response to prostaglandin E1

We next sought to determine whether a similar increase in PKA
activity occurred upon physiological stimulation of the cAMP

pathway. For this, HEK293 cells were challenged with prosta-
glandin E1 (PGE1) to stimulate endogenous prostanoid receptors
positively coupled to adenylyl cyclase (AC) (45,46). The re-
sponse to 10 nM PGE1 was nearly doubled in RIa-deficient
cells, when measured at the peak or after 5 min (Fig. 2A).
PKA activation upon PGE1 stimulation was not sustained, as
indicated by a significant difference between peak and 5 min
ratio values (P , 0.05 for both SiS and SiRIa). However, this
time-dependent decrease was not different between control
and RIa-deficient cells. Moreover, as depicted in Figure 2B,
PRKAR1A knockdown reduced the initial delay between PGE1

application and AKAR3 phosphorylation and accelerated the
on-rate kinetics of the response. In order to confirm these
results by an independent approach, we used a PKA-
phosphospecific antibody to analyze the phosphorylation state
of endogenous PKA target proteins in total extracts from
HEK293 cells (Fig. 2C and D). In control cells, the basal PKA
phosphorylation level was low and could be strongly increased
by PGE1 stimulation. In RIa-deficient cells, the phosphorylation
of PKA substrates was augmented under basal condition, a result
which is consistent with the increase in basal YFP/CFP ratio
observed in Figure 1C, and phosphorylation of PKA substrates
was further enhanced by PGE1 stimulation. Altogether, these

Figure 1. PRKAR1A silencing and real-time monitoring of global PKA activity with AKAR3 in HEK293 cells. (A) Quantitative PCR analysis and (B) western blot
analysis of PKA regulatory subunits RIa, RIIa, RIIb and catalytic C subunit in HEK293 cells 48 h after transfection with either scrambled (SiS) or RIa-specific
(SiRIa) siRNA. PPIA (CYCLO) gene expression was used as reference in PCR. b-Actin was used as loading control in western blot. Data represent the average of
four- and three-independent experiments for qPCR and western blot analysis, respectively. (C) HEK293 cells were cotransfected with AKAR3 and either SiS or
SiRIa and FRET measurements were performed 48 h after. Average time course of the normalized YFP/CFP ratio upon challenge with increasing concentrations
of forskolin (SiS, n ¼ 61; SiRIa, n ¼ 61). Each forskolin concentration was applied for 5 min, as indicated by the solid lines. Error bars at the end of each application
indicate SEM. Bar graph in inset shows average basal YFP/CFP ratio value before forskolin application. Statistically significant differences between SiS and SiRIa are
indicated as ∗∗P , 0.01; ∗∗∗P , 0.001. (D) Pseudocolor images illustrate the variations of the YFP/CFP emission ratio elicited by forskolin in SiS- and SiRIa-
transfected cells.
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results indicate that RIa knockdown increases both constitutive
and stimulated PKA activity in HEK293 cells.

PRKAR1A silencing differentially alters PKA activity in
distinct subcellular compartments

To determine whether RIa knockdown leads to specific altera-
tions in subcellular PKA activity, we next used AKAR3 sensors
targeted to specific compartments. A variant of AKAR3 contain-
ing a nuclear export signal (AKAR3-NES; Fig. 3A) was used to
measure PKA activity in the cytoplasm (41). We also used an
AKAR3 variant fused with a lipid anchor that allows targeting
to the plasma membrane (PM-AKAR3; Fig. 3B) (41). Excessive
steroid hormone production is a hallmark of endocrine tumors
inCNC (30).The first step in steroidhormonebiosynthesis is chol-
esterol transport into mitochondria (47), a process regulated by
PKAI at the outer mitochondrial membrane (22). We evaluated
how PRKAR1A inactivation affects PKA activity in this compart-
ment using a variant of AKAR3 targeted to the mitochondrial
outer membrane (DAKAP-AKAR3, which colocalized with the
mitochondrial dye MitoTrackerw Red, Supplementary Material,

Fig. S3C) (41). As shown in the insets of Figure 4A and B, the
average basal YFP/CFP ratios were similar in RIa-deficient
cells and controls in the cytoplasm and at the outer membrane
of mitochondria.Conversely, the basal YFP/CFP ratiowas signifi-
cantly higher in RIa-deficient cells than in controls at the plasma
membrane (inset of Fig. 4C, P ¼ 0.002).

Activation of PKA by PGE1 was elevated in the cytoplasm of
RIa-deficient cells, both at the peak (P , 0.001) and after 5 min
(P , 0.001). The response was transient in both groups with a
similar significant decrease at 5 min (P , 0.001 for both SiS
and SiRIa) (Fig. 4A). Similar results were found at the outer
membrane of the mitochondria: in RIa-deficient cells, the re-
sponse was higher than in the control group at the peak (P ,
0.001) and after 5 min (P ¼ 0.001). In both groups, the response
was transient with a significant difference between the response
at 5 min and the peak (P , 0.001 for both SiS and SiRIa)
(Fig. 4B). In contrast to the cytoplasmic and the outer mitochon-
drial membrane compartments, PGE1 stimulation of plasma
membrane PKA was decreased in RIa-deficient cells compared
with controls, both at the peak (P ¼ 0.013) and at 4 min (P ,
0.001). The increase in PKA activity occurred with a

Figure 2. Upregulation of global PKA activity in RIa-deficient HEK293 cells. (A) Average time course of the normalized YFP/CFP ratio upon PGE1 (10 nM) stimu-
lation in control cells (SiS, n ¼ 15) and RIa-deficient cells (SiRIa, n ¼ 19) expressing AKAR3. PGE1 application started at time zero and lasted 5 min before washout.
SEM is indicated at the peak and at the end of the PGE1 application. Statistically significant differences between SiS and SiRIa are indicated as ∗P , 0.05, ∗∗P , 0.01.
(B) Kinetic parameters of the PGE1 response in the experiments depicted in (A). The delay between the application of PGE1 and the initial response (Delay) and the
time required to reach half-maximal response (t1/2on) are indicated. Statistically significant differences between groups are indicated as ∗∗P , 0.01, ∗∗∗P , 0.001. (C)
Phosphorylation of PKA substrates as detected with a Phospho-PKAsubstrate antibody in total proteins (50 mg/lane) from HEK293 cells transfected with SiS or SiRIa
and stimulated or not with 10 nM PGE1 for 3 min. (D) Quantification of four-independent experiments as in (C). In each experimental condition, the entire lane was
quantified and normalized to b-actin. Statistically significant differences are indicated as ∗P , 0.05 between control and PGE1 and as $P , 0.05 between SiS and
SiRIa.
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significantly shorter delay and faster on-rate kinetics in RIa-
deficient cells versus control cells (Fig. 4D) in all subcellular
compartments, similarly to the pattern observed for global
PKA activity. In order to confirm that basal PKA activity is
increased at the plasma membrane, whereas the response to
PGE1 is lower in SiRIa compared with SiS cells, we studied
the phosphorylation of vasodilator-stimulated phosphoprotein
(VASP), a plasma membrane-associated target of PKA (48).
VASP is involved in focal adhesions, cell–cell contacts, micro-
filaments, and highly dynamic membrane regions (49) and was
therefore used to probe cAMP-dependent PKA phosphorylation
in this subcellular compartment. We transfected HEK293 cells
with VASP and compared its phosphorylation by PKA at
Ser157 in SiS and SiRIa cells. As shown in Supplementary Ma-
terial, Figure S1, PGE1-induced VASP phosphorylation was
markedly attenuated in SiRIa compared with SiS cells, an
effect likely due to a significant increase in basal VASP phos-
phorylation (P , 0.01). Taken together, our measurements of
VASP phosphorylation confirm the pattern of PKA activity
observed with the membrane-targeted AKAR3-PM sensor.

Differences in PKA activity between plasma membrane and
cytoplasmic compartments observed in HEK293 cells are
conserved in human PPNAD cells

In Supplementary Material, Figure S2, the time course of PKA
activation at the plasma membrane and in the cytoplasm upon
PGE1 application are compared on the same graph in control
and RIa-deficient cells (data are the same as those in Fig. 4A
and C). As shown in the left panel of Supplementary Material,
Figure S2, in control HEK293 cells, PKA activation occurred
earlier at the plasma membrane than in the cytoplasm, but the
amplitude of the response was similar. This indicates that the dif-
ference in the extent of PKA activation between the plasma
membrane and cytoplasmic compartments observed in RIa-

deficient HEK293 cells (Supplementary Material, Fig. S2,
right panel) was not due to the different targeting of the
sensors. This allowed comparing directly the subcellular PKA
activity in human primary adrenal cells from two patients with
PPNAD disease due to inactivating PRKAR1A mutation. Adeno-
viruses encoding AKAR3-NES and PM-AKAR3 allowed ex-
pression of both probes in human PPNAD cells (Fig. 5A). As
shown in the inset of Figure 5B, the basal YFP/CFP ratio was
higher in cells expressing PM-AKAR3 versus AKAR-NES,
compatible with higher basal PKA activity at the plasma mem-
brane. Activation of PKA by FSK (10 mM) was nearly doubled
in the cytoplasm of PPNAD cells compared to that at the
plasma membrane (P , 0.001) similarly to the observation in
RIa-deficient HEK293 cells (Supplementary Material, Fig. S2,
right panel).

PRKAR1A silencing increases cAMP level in response to
prostaglandin E1 in distinct subcellular compartments and
in the whole cell

To determine whether altered PKA activities in RIa knockdown
cells are due to changes in cAMP levels, subcellular pools of
cAMP were measured using Epac-based cAMP sensors (42).
The cytosolic Epac1-camps biosensor showed uniform distribu-
tion throughout the cytoplasm of transfected HEK293 cells
(Fig. 3D), whereas fusion with a lipid anchor tag targets the
sensor to the plasma membrane (PM-Epac1-camps, Fig. 3E)
(50). We also generated a DAKAP-Epac1-camps sensor to in-
vestigate how PRKAR1A inactivation affects cAMP levels at
the mitochondrial outer membrane. We verified that this
sensor, similarly to the DAKAP-AKAR3 sensor, colocalized
with MitoTrackerw Red (Fig. 3F). In Epac1-camps, cAMP
binding decreases FRET between CFP and YFP. Thus, cAMP
elevation is reported by an increase of the CFP/YFP emission
ratio. As shown in the insets of Figure 6A to C, the average

Figure 3. Subcellular localization of AKAR3 and Epac1-camps indicators in HEK293 cells. All images were taken 48 h after transfection of the various FRET sensors.
YFP images of representative cells transfected with AKAR3-NES (A), PM-AKAR3 (B), Epac1-camps (D) and PM-Epac1-camps (E) obtained with epifluorescent
microscopy. Scale bars: 10 mm. (C) Confocal YFP images of DAKAP-AKAR3, MitoTrackerw Red staining and colocalization (Pearson’s coefficient: 0.87). (F) Con-
focal YFP images of DAKAP-Epac1-camps, MitoTrackerw Red staining and colocalization (Pearson’s coefficient: 0.78). In (C) and (F) scale bars represent 5 mm.
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basal CFP/YFP ratio measured with the different cAMP sensors
did not differ between SiS and SiRIa cells. However, cAMP ele-
vation in response to 10 nM PGE1 was significantly increased in
cells with silenced RIa at the peak and after 5 min, in the cyto-
plasm (P , 0.05), at the plasma membrane (P , 0.01) and at
5 min at the outer membrane of mitochondria (P , 0.001). We
next confirmed that global cAMP levels were increased after
PGE1 stimulation in RIa-silenced cells using enzyme immuno-
assay. As shown in Figure 6D, total cAMP accumulation in re-
sponse to PGE1 was increased by about 3-fold in RIa-silenced
cells (P , 0.01). Altogether, these results indicate that upon
RIa knockdown, the enhanced PKA responses to PGE1 stimula-
tion are due at least in part to increased cAMP levels.

DISCUSSION

The cellular consequences of PRKAR1A inactivation in CNC are
not fully explained. We and others have previously demonstrated
dysregulation of the cAMP signaling pathway in tumor tissues as
well as in in vitro and in vivo models (28,29,51). However, until
now these alterations have only been studied at the tissue or
whole cell level. In this study, our main objective was
to explore the cAMP/PKA signaling at the subcellular level to
probe whether CNC is associated with a spatiotemporal dysregu-
lation of this pathway. Using live cell cAMP and PKA sensors

targeted to distinct subcellular compartments, we show for the
first time that cAMP/PKA signaling dysregulation due to
PRKAR1A inactivation differs between subcellular compart-
ments.

In HEK293 cells,PRKAR1A silencing was not associated with a
compensatory increase of other regulatory subunits of PKA
(Fig. 1), as sometimes found in CNC tumors or animal models
(33,52,53). Moreover, catalytic subunit levels were also un-
changed.Theseresultsmake itunlikely that thedifferent responses
observed in PRKAR1A-silenced cells are due to compensatory
changes in the expression of the remaining PKA subunits.

Using AKAR3, we first tested whether PRKAR1A knockdown
modified total PKA activation following AC activation by forsko-
lin. It was observed that both the sensitivity and the extent of PKA
stimulation were enhanced in cells with decreased RIa expression
(Fig. 1). This result is consistent with in vitro measurements in
human PPNAD tumors (28,54) and in CNC patient lymphocytes
with a PRKAR1A inactivating mutation (55). A similar increase in
global PKA activity was obtained upon PGE1 stimulation,
showing that PRKAR1A inactivation also impacts hormonal
stimulation subjected to physiological feedback regulatory
mechanisms. In HEK293 cells, prostanoid receptors were used
to demonstrate the compartmentalized nature of the cAMP/PKA
pathway (15,43,45,46,56,57). Therefore, we investigated
whether PRKAR1A inactivation modified PKA activation by

Figure 4. Comparative effects of PGE1 on PKA activity in distinct subcellular compartments of control and RIa-deficient HEK293 cells. Average time course of PKA
activation by 10 nM PGE1 in (A) the cytoplasm, as monitored with AKAR3-NES (SiS, n ¼ 105; SiRIa, n ¼ 121); (B) the outer mitochondrial membrane, as reported
by DAKAP-AKAR3 (SiS, n ¼ 65; SiRIa, n ¼ 87) and (C) the plasma membrane, as reported by PM-AKAR3 (SiS, n ¼ 50; SiRIa, n ¼ 97). (A–C) PGE1 application
started at time zero and was maintained throughout the experiment as indicated by the solid line. SEM is indicated at the peak and at the end of the stimulation. The bar
graphs in inset indicate the values of the average basal YFP/CFPratio before PGE1 application. (D) Kinetic parameters (delay and t1/2on values) of PKA activation in the
experiments as in (A–C). Statistically significant differences are indicated as ∗P , 0.05; ∗∗P , 0.01; ∗∗∗P , 0.001.
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PGE1 in subcellular compartments. Our results identify a loss of
the spatiotemporal control of PKA activity upon PRKAR1A
knockdown. Similarly to global PKA activity, PRKAR1A inacti-
vation leads to higher stimulated PKA activity in the cytosolic
compartment and at the outer membrane of the mitochondria.
This elevated PKA activity at the outer mitochondrial membrane
may provide an explanation for the increased cortisol production
in PPNAD caused by PRKAR1A inactivation (30). Within the
three compartments we studied, RIa depletion accelerated the
kinetics of the response, with both the lag between PGE1 applica-
tion and the onset of the response and the time to reach half-
maximal stimulation being decreased (Fig. 4D). Interestingly,
while the PGE1-induced PKA activation was delayed in the cyto-
plasm compared with the plasma membrane in control HEK293
cells, PRKAR1A inactivation abolished this difference (Supple-
mentary Material, Fig. S2). These results are in good agreement
with PKA regulatory subunits exerting a significant buffering of
cAMP (38,39) which is predicted to shape cAMP signals and
PKA-mediated phosphorylation gradients by mechanistic model
studies (40,57).Suchabufferingwas recentlyshowntoparticipate
in the localized b2-adrenergic receptor cAMP signaling in cardi-
omyocytes (58). We tested this hypothesis using cAMP indicators
based on Epac1 to monitor cAMP levels in the cytoplasm, at the
outer membrane of mitochondria and at the plasma membrane.
We found that indeed, PGE1 stimulation of cAMP was increased
in all compartments in HEK293 cells with RIa inactivation
(Fig. 6). These results are reminiscent of recent studies where an
increase in cAMP levels in bone lesions from Prkar1a+/2 mice
and from children with neonatal-onset multisystem inflammatory
disease along with an increase in PGE2 was also shown (59,60).
From these results, we conclude that enhanced cAMP levels due
to the loss of cAMP buffering in RIa-depleted cells is at least
partly responsible for enhanced PKA activity observed in
the whole cell, the cytoplasm and at the outer mitochondrial mem-
brane upon PGE1 stimulation. Obviously, this conclusion cannot

apply to the plasma membrane, where a paradoxical decrease in
PGE1 stimulation of PKA activity was observed despite increased
cAMP levels. However, this may simply reflect the prominent in-
crease in basal PKA activity observed in this compartment upon
inactivation of RIa, as indicated by the increased basal FRET
ratio of PM-AKAR3 (Fig. 4C) and the hyperphosphorylation of
VASP (Supplementary Material, Fig. S1), an established plasma
membrane target of PKA that was used previously to probe
PKA activity in this compartment (61,62). These results are con-
sistent with the increased basal PKA activity previously reported
in mouse embryos and adrenals with targeted inactivation of
Prkar1a, presumably caused by free catalytic subunits (8,37).

The marked increase in basal PKA activity at the plasma mem-
brane observed here could be related to the presence of a pool of
PKAI at the plasma membrane in HEK293 cells. Indeed, RIa can
be targeted to the plasma membrane by ezrin in T cells (16), by
alpha4 integrins in Jurkat cells (17) and by smAKAP, a newly
discovered RI-specific AKAP expressed in a large number of
tissues (21). The catalytic subunits of PKA can be myristoylated
at Gly1 and this was shown to increase its affinity to membranes
(63). The membrane binding motif of the myristoylated C
subunit steers the enzyme toward membranes independently of
the regulatory subunits or an AKAP, which may provide yet
another mechanism to confine the catalytic subunits in this com-
partment upon RIa invalidation (64). Importantly, similar find-
ings were obtained when subcellular PKA activity was
monitored in human adrenal cells isolated from patients with
PPNAD disease caused by PRKAR1A mutations (Fig. 5): the
basal FRET ratio was increased at the plasma membrane, and
PKA activation by forskolin was reduced compared with the
cytoplasm. This indicates that the differences identified upon
PRKAR1A knockdown in HEK293 cells are relevant to the
pathophysiology of CNC and tumor development.

In conclusion, the present study confirms that RIa is essential
to maintain physiological regulation of PKA activity (5) and

Figure 5. PKA activity gradients in human adrenal cells from patients with PPNAD disease. (A) Left: YFP images of PPNAD cells expressing AKAR3-NES and
PM-AKAR3 (scale bar ¼ 20 mm). Right: intensity modulated display pseudocolor images of the YFP/CFP emission ratio in control Ringer solution (CTRL) and
upon forskolin application (FSK 10 mM) in the same cells. (B) Average PKA activation by forskolin (FSK 10 mM) in the cytoplasm (n ¼ 23 cells from two patients)
and at the plasma membrane (n ¼ 16 cells from two patients). Bar graph in inset shows average basal YFP/CFP ratio values obtained with AKAR3-NES in the cyto-
plasm (NES) and with PM-AKAR3 at the plasma membrane (PM). Statistically significant differences are indicated as ∗P , 0.05; ∗∗∗P , 0.001.
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demonstrates that its inactivation differentially alters PKA activ-
ity in specific subcellular compartments of HEK293 cells. In
addition, we demonstrate that RIa acts as a major buffer for
cAMP, which provides a mechanism for the accelerated kinetics
and overall exacerbated PKA activation observed in RIa-
depleted cells. This shows for the first time that spatiotemporal
dynamic alterations of the cAMP pathway are an important
aspect of cAMP dysregulation in neoplasias harboring genetic
alterations of key components of this pathway.

MATERIALS AND METHODS

Reagents

Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine
serum, L-glutamine, penicillin, streptomycin, opti-MEM, trypsin
and PBS were obtained from Invitrogen (Invitrogen Life Tech-
nologies). Forskolin and prostaglandin E1 (PGE1) were obtained
from Sigma-Aldrich. The following antibodies were used at con-
centrations advised by the manufacturers: antibodies against RIa,
RIIa, RIIb and C (BD Transduction Laboratories), anti
phospho-PKA substrate (target sequence RRXS/T, CellSignaling
Technology), antibody against b-actin-HRP (Santa Cruz), anti-
bodies against VASP and phospho VASP (Ser157) (Cell Signal-
ing Technology).

Cell culture, transfection and infection

Human Embryonic Kidney 293 cells (HEK293) were grown in
DMEM supplemented with 10% fetal bovine serum, 2 mM

L-glutamine and antibiotics and maintained at 378C in a humidi-
fied atmosphere containing 5% CO2. For FRET experiments,
2 × 105 cells were plated on 2 cm diameter glass coverslips.
For western blots, cells were seeded on 6-well plates at a
density of 8 × 105 cells per well. To achieve specific knockdown
of RIa, a 21-mer RNA duplex targeting exon 7 was designed
(SiRIa, UGAAUGGGCAACCAGUGUUdTdT). A scrambled
sequence of the 21-mer RNA duplex was used as control (SiS,
CAGUCGCGUUUGCGACUGGdTdT). The duplexes were
obtained from Dharmacon and delivered into cells with Lipofec-
tamine 2000 (Invitrogen Life Technologies) according to the
manufacturer’s instructions. For western blot experiments,
cells were transfected with 100 pmol of either SiS or SiRIa.
For FRET experiments, cells were cotransfected with 0.4 mg
of FRET sensor DNA and 25 pmol of either SiS or SiRIa.
Experiments were performed 48 h after transfection.

Humanadrenalswereobtained after informed consent from two
CNC patients undergoing surgery for PPNAD. Adrenal tissue
collection was approved by the ethics committee of Cochin Hos-
pital. These two patients carried an heterozygous inactivating
PRKAR1A mutation (c.109C . T and c.709(-7-2)del6)
(32,65,66). Adrenals were immediately immersed in culture

Figure 6. Upregulation of cAMP levels after PGE1 stimulation in RIa-deficient HEK293 cells. Average time course of cAMP elevation in response to 10 nM PGE1 in
(A) the cytoplasm, as reported by the cAMP sensor Epac1-camps (SiS, n ¼ 61; SiRIa, n ¼ 76); (B) the outer mitochondrial membrane, as reported by
DAKAP-Epac1-camps (SiS, n ¼ 65; SiRIa, n ¼ 60) and (C) the plasma membrane, as reported by PM-Epac1-camps (SiS, n ¼ 66; SiRIa, n ¼ 88). (A–C) PGE1

application started at time zero and was maintained throughout the experiment as indicated by the solid line. In (A) and (C), SEM is indicated at the peak and at
the end of the stimulation, and in (B) at 5 min (corresponding to maximal value). (D) Total cAMP levels measured by enzyme immunoassay in SiS and SiRIa
treated HEK293 cells challenged with 10 nM PGE1 for 5 min. Values are mean+SEM. Statistically significant differences are indicated as ∗∗P , 0.05 between
control and PGE1 and as $$P , 0.01 between SiS and SiRIa.
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medium until cell dissociation. A small piece of tissue was rinsed
once in phosphate-buffered isotonic saline (PBS), trimmed of fat
and minced as finely as possible with small surgical scissors, in
a sterilized petri dish. Cells in the mashed tumor tissue were dis-
persed by mechanical disaggregation and enzymatic digestion
with 2 mg/ml of Collagenase type I in DMEM Ham’s/F12
medium (Sigma) supplemented with 50 units/ml penicillin,
50 mg/ml streptomycin, 2% Ultroser G2 (Biosepra), and ITS
(5 mg/ml insulin, 5 mg/ml transferrin and 5 ng/ml selenium) and
incubated 40 min in the incubator at 378C, with gentle shaking.
Cells were further dispersed by pipetting and filtering them
through a sterile 70 mm cell strainer (BD Falcon) and then centri-
fuged for 5 min at 107 g. The cell pellet was resuspended in the
same medium, counted and dispersed in cell culture dishes.
Cells were grown in DMEM/F-12 Ham’s medium supplemented
with 10% fetal bovine serum, 2 mM L-glutamine and antibiotics
and maintained at 378C in a humidified atmosphere containing
5% CO2. Dishes were examined daily for growth and the
medium was changed every 3–4 days. When reaching confluency
(7 days), cells were trypsinized and sub-cultured. For experimen-
tation, cells were used at Passage 3. Cells were plated on 2 cm
diameter glass coverslips at a density of 50 000 cells/dish. The
next day, cells were infected with adenoviruses encoding the cyto-
plasmic and plasma membrane-targeted version of AKAR3
(AKAR3-NES and PM-AKAR3, respectively) at a multiplicity
of infection of 500 pfu/cell. FRET experiments were performed
24–48 h after infection.

Analysis of RNA by quantitative PCR

Total RNA extracted from HEK293 cells was treated with
DNase and further purified with the RNeasy Mini kit and RNase-
free DNase Set (Qiagen) according to the manufacturer’s
instructions. Purified RNA was reverse transcribed with the
High Capacity cDNA Reverse Transcription kit (Applied Bio-
systems), and expression levels of target genes were analyzed
by quantitative PCR using a LightCycler Fast Start SYBR
Green kit (Roche Diagnostics) according to the manufacturer’s
instructions. The PCR conditions and primer sequences are indi-
cated in Supplementary Material, Table S1. Relative quantifica-
tion of target cDNA was determined by calculating the
difference in cross-threshold (CT) values after normalization to
the housekeeping gene, PPIA [peptidylprolyl isomerase A
(cyclophilin A)] (DCT method).

Western blot

Cells were lysed in buffer containing (in mM): Tris–HCl 50 (pH
7.4), NaCl 150, EDTA 5, EGTA 1, Triton X-100 1%, protease
and phosphatase inhibitor cocktails (Roche Diagnostics,
Meylan, France) and centrifuged for 5 min at 800g. Proteins in
the supernatant were quantified using a BCA assay (Sigma-
Aldrich). Similar amounts of proteins were separated on a 10%
SDS–PAGE, then electrotransferred to PVDF membrane, and
analyzed by immunoblotting.

FRET-based reporters of cAMP and PKA activity

The cAMP sensor Epac1-camps was used to evaluate cytoplasmic
cAMP levels (42). Plasma membrane and mitochondrial outer

membrane-targeted versions of Epac1-camps were constructed
by fusing the 10 N-terminal amino acids of the kinase Lyn (50)
and the targeting motif from DAKAP1a (67) at the N-terminus
of Epac1-camps. The A-kinase activity reporter 3 (AKAR3)
used for live cell measuring of PKA activity was described previ-
ously (41). Differentially targeted versions of AKAR3 were used
to monitor PKA activity in specific subcellular compartments:
AKAR3-NES for the cytoplasm, PM-AKAR3 for the plasma
membrane and DAKAP1-AKAR3 for the outer membrane of
mitochondria (41). Adenoviruses encoding AKAR3-NES and
PM-AKAR3 were generated using the ViraPower Adenoviral Ex-
pression System (Invitrogen) according to the manufacturer’s
protocol.

FRET imaging

Cells were maintained in a control Ringer solution containing (in
mM): NaCl 121.6, KCl 5.4, MgCl2 1.8; CaCl2 1.8; NaHCO3 4,
NaH2PO4 0.8, D-glucose 5, sodium pyruvate 5, HEPES 10,
adjusted to pH 7.4. Control or drug-containing solutions were
applied by placing the cell at the opening of a 250-mm (inner
diameter) capillary tube. Images were captured every 5 s using
the ×40 objective of a Nikon TE 300 inverted microscope con-
nected to a software-controlled (Metafluor, Molecular Devices)
cooled charge coupled (CCD) camera (Sensicam QE, PCO).
CFP was excited during 300 ms by a Xenon lamp (Nikon)
using a 440/20BP filter and a 455LP dichroic mirror. Dual emis-
sion imaging of CFP and YFP was performed using an Optosplit
II emission splitter (Cairn Research) equipped with a 495LP di-
chroic mirror and BP filters 470/30 and 535/30, respectively. All
experiments were performed at room temperature (21–258C).

Confocal microscopy

HEK293 cells were transfected with the mitochondrial sensors
DAKAP-AKAR3 and DAKAP-Epac1-camps. After 48 h, cells
were incubated for 30 min with 100 nM MitoTrackerw Red (Invi-
trogen) at 378C and rinsed with the same Ringer solution as used
for FRET experiments (see above). Images were acquired with a
Leica SP5 confocal microscope using a Plan-Apochromat 63x/
1.2 water-immersion objective. YFP was excited at 514 nm
and emitted light was collected between 524 and 568 nm. Mito-
Trackerw Red was excited at 578 nm and emitted light was col-
lected between 588 and 800 nm.

cAMP assays

HEK293 cells were transfected with SiS or SiRIa for 48 h and
then washed with Ringer solution and stimulated or not with
10 nM PGE1 for 5 min. After stimulation 250 ml ice-cold buffer
containing 0.1 M HCl and 0.5% Triton-X 100 was added to the
cells and they were incubated for 30 min on ice. The cell lysate
was then centrifuged at 845g for 30 min at 48C. The supernatant
was removed and used for cAMP measurement using a direct
cAMP antibody-based ELISA kit from New East Biosciences.
Total protein concentration was determined by bicinchonic acid
assay.
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Data analysis

Western blot quantification was performed using quantity one
software (Bio-Rad). For FRET measurements, average fluores-
cence intensity of the entire cell was measured. Background
was subtracted and YFP intensity was corrected for CFP spill-
over before calculating the ratio. Ratio images were obtained
with ImageJ software (National Institutes of Health). ImageJ
software was also used to merge images of mitochondrial
sensors with MitoTrackerw Red. Pearson’s coefficient was cal-
culated using the ImageJ toolbox JACoP (68). Kinetic para-
meters (delay, the time between application of the drug and
initial increase in ratio and t1/2on, the time required to reach half-
maximal effect) were calculated using Microsoft Excel soft-
ware. Average time course of the ratio represent the mean of
all the cells measured in a given experimental condition. The
data were normalized to the ratio measured before the stimulus
and expressed as percent change of the ratio measured at zero
time. Values were expressed as mean+SEM. Paired Student’s
t-test was used for statistical evaluation within the same group.
When two groups were compared, unpaired Student’s t-test
was used.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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