
REVIEW

Local modulation of cystic
fibrosis conductance
regulator: cytoskeleton and
compartmentalized cAMP
signalling
Stefania Monterisi1, Valeria Casavola2 and Manuela Zaccolo1

1Department of Physiology, Anatomy and Genetics, Oxford University, Oxford, UK, and
2Department of Biosciences, Biotechnologies and Pharmacological Sciences, University of Bari,

Bari, Italy

Correspondence
Manuela Zaccolo, Department of
Physiology, Anatomy & Genetics,
Sherrington Building, Parks Road,
Oxford OX1 3PT, UK. E-mail:
manuela.zaccolo@dpag.ox.ac.uk
----------------------------------------------------------------

Keywords
CFTR; cAMP; PKA;
cytoskeleton; cystic fibrosis;
compartmentalization
----------------------------------------------------------------

Received
23 July 2012
Revised
12 September 2012
Accepted
5 October 2012

The cystic fibrosis conductance regulator (CFTR) is a cAMP-regulated Cl- channel expressed predominantly at the apical
membrane of secreting epithelial cells. Mutations in the CFTR gene lead to cystic fibrosis, the most frequent genetic disease in
the Caucasian population. The most common mutation, a deletion of phenylalanine at position 508 (F508del), impairs CFTR
folding and chloride channel function. Although an intense effort is under way to identify compounds that target the F508del
CFTR structural defect and promote its expression and stability at the plasma membrane, so far their clinical efficacy has
proven to be poor, highlighting the necessity to better understand the molecular mechanism of CFTR regulation and of the
pathogenesis of the disease. Accumulating evidence suggests that the inclusion of the CFTR in macromolecular complexes
and its interaction with the cortical cytoskeleton may play a key role in fine-tuning the regulation of channel function. Here
we review some recent findings that support a critical role for protein–protein interactions involving CFTR and for the
cytoskeleton in promoting local control of channel activity. These findings indicate that compounds that rescue and stabilize
CFTR at the apical membrane may not be sufficient to restore its function unless the appropriate intracellular milieu is also
reconstituted.

Abbreviations
AKAPA kinase anchoring protein; CaCCcalcium-activated chloride channel; CALCFTR-associated ligand;
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Introduction
Cystic fibrosis (CF) is a lethal inherited autosomal disorder
caused by mutations in the gene that encodes for the cystic
fibrosis transmembrane conductance regulator (CFTR). CFTR
is a 1480-amino-acid glycosylated protein that functions as a
chloride channel regulated by cAMP and PKA-mediated phos-
phorylation (Riordan et al., 1989). It is expressed at high

levels at the apical membrane of polarized epithelial secretory
cells, where the chloride efflux also affects electrolyte and
water transport; but it is also found at lower levels on the
membrane of non-epithelial cells including cardiomyocytes
(Gadsby et al., 1998), lymphocytes (Krauss et al., 1992) and
endothelial cells (Tousson et al., 1996).

Nearly 2000 mutations of the cftr gene have been identi-
fied, affecting the folding, the localization or the activity of
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the channel. These mutated forms of CFTR fall into five
functional groups: truncation mutations, processing muta-
tions, activation mutations, channel mutations and splice
mutations. Among these, the most frequent is a deletion of
phenylalanine 508 (F508del), a mutation that prevents deliv-
ery of the channel to the apical membrane and impairs
channel gating.

CF patients show an altered function of exocrine glands
and exhibit gastrointestinal complications, with vitamin
malabsorption and associated steatorrhoea, poor growth,
increased risk of gallstones and hepatobiliary disease (Flume
and Van Devanter, 2012). The most affected target is however
the respiratory system, in which the reduced CFTR activity
and a secondary increase in epithelial ENaC-mediated Na+

and fluid absorption results in volume depletion of the lung
apical surface liquid (ASL). This leads to increased adhesive-
ness and cohesiveness of airway mucus with the consequent
obstruction of small airways, air trapping and bronchial wall
thickening (Matsui et al., 1998; Joo et al., 2006; Boucher,
2007). This event is accompanied by an associated neu-
trophilic inflammation, since bacterial opportunists enter the
respiratory tract, from where it becomes very difficult to clear
them; therefore, their growth and expansion leads to local
inflammation. These processes result in a lifelong degrada-
tion of lung anatomy and function, so that respiratory failure
is responsible for 80% of mortality in CF (Flume and Van
Devanter, 2012).

There is presently no cure available for CF, and current
treatment is symptomatic and relies on the administration of
mucolytics to clear the mucus, antibiotics to fight lung infec-
tions, anti-inflammatory agents to prevent damage to lung
tissue and pancreatic enzymes to correct pancreatic insuffi-
ciency. In recent years, growing efforts have been made to find
therapeutic strategies aimed at targeting directly the cause of
the disease. Since the discovery of CFTR, many expectations
arose that gene therapy could provide a treatment for CF. A
number of clinical trials using different gene transfer agents
have been conducted; and, although some targets have been
achieved, such as correction of nasal potential difference (PD)
(Cuthbert, 2011), no real clinical benefits for patients has been
shown so far. The finding that lentiviral carriers may be able to
evade the immune system has recently revived interest in
gene therapy strategies (Griesenbach and Alton, 2011). Nev-
ertheless, the technical difficulties encountered with gene
delivery have turned the focus towards pharmacological strat-
egies, hoping for more immediate results. Initial clinical trials
using small molecules to restore the function of mutant CFTR
have been encouraging (Becq et al., 2011), but so far the
efficacy of these compounds has been poor (Lukacs and
Verkman, 2012). As major gaps still remain in our understand-
ing of the molecular basis of CFTR regulation and of the
pathogenesis of the disease, the general consensus is that a
more detailed knowledge of these mechanisms may help to
achieve the full translational potential of these compounds.

Pharmacological approaches to
CF therapy

After its synthesis, wt CFTR is assembled in the ER; and, once
properly folded, the immature form goes to the Golgi

complex where it is fully glycosylated and subsequently
transported and inserted into the apical membrane of polar-
ized cells, where it is subjected to endocytosis (Lukacs et al.,
1997). The majority of internalized wt CFTR is recycled back
to the plasma membrane, and only a small amount is trans-
ferred to the late endosomes and lysosomes for degradation
(Gentzsch et al., 2004; Sharma et al., 2004).

Seventy percent of CF patients carry one or two copies of
a mutant allele encoding for a protein missing phenylalanine
508. F508del CFTR is a protein that does not reach complete
maturation, being retained in internal membranes and ulti-
mately degraded by the ubiquitin–proteasome complex. The
incorrect functioning of F508del CFTR leads to an altered
transepithelial ionic transport and, therefore, to the improper
function of several organs.

F508del CFTR can be partially rescued to the cell surface
either by lowering the temperature (Denning et al., 1992) or
by using small molecules that act to release the mutant
channel from protein degradation (Brown et al., 1996; Zeitlin,
2000). However, even when rescued to the cell surface, the
F508del mutant is unstable, and its half-life in the membrane
is reduced compared with that of the wild-type protein
(Sharma et al., 2001; Swiatecka-Urban et al., 2005).

In addition, F508del CFTR exhibits abnormal cAMP regu-
lation (Bebok et al., 2005) and defective channel gating
(Wang et al., 2000). Interestingly, studies using isolated
protein in cell-free systems showed that F508del CFTR retains
normal cAMP-dependent PKA-dependent regulation and
activity relative to wt CFTR (Li et al., 1993), suggesting that
the intracellular milieu, rather than the mutation itself, is
what determines the ability of F508del CFTR to respond to
cAMP regulation.

The finding that F508del CFTR can be rescued to the cell
surface, together with the evidence that restoration of small
amounts of functional CFTR protein (5–10% of normal levels)
(Davis et al., 1996) may greatly reduce disease severity, has
stimulated much research to identify small molecule com-
pounds that could either rescue the biosynthetic defect of
F508del CFTR, thus restoring its folding and function (cor-
rectors) or enhance its regulated function once rescued to
the surface (potentiators). Several efficacious F508del CFTR
potentiators have been found to activate CFTR conductance
(Yang et al., 2003; Pedemonte et al., 2005). VX 770, a Vertex
Pharmaceutical compound, has been found to be efficacious
in potentiating cAMP-mediated gating of F508del CFTR (Van
Goor et al., 2006); and it was shown to have a significant
efficacy in a phase II clinical trial in CF patients carrying the
Gly551Asp mutation (for complete reviews see: Proesmans
et al., 2008; Cai et al., 2011; Lukacs and Verkman, 2012). This
field of research is expanding rapidly, primarily due to the
automated methods of identifying and analysing potentially
active compounds by high-throughput screening (Galietta
et al., 2001).

In contrast to the potentiators, relatively few correctors
have been found. Correctors may either stabilize F508del
CFTR native state by directly binding to the mutant protein
or enhance the protein folding efficiency, thus promoting its
trafficking and rescuing F508del-CFTR activity. VX-809 (Van
Goor et al., 2011) and the methylbithiazole analog, Corr-4a
(Grove et al., 2009) are currently the most promising com-
pounds. However, these drugs are not very efficacious, possi-
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bly due to the gating defect displayed by F508del CFTR
rescued to the membrane, and it has been suggested that a
combined administration of correctors and potentiators may
be required to achieve clinical efficacy.

The drug profiling for many corrector compounds
remains unclear. Such compounds could act either directly by
promoting F508del CFTR escape from the ER and/or indi-
rectly by altering cellular protein homeostasis and promoting
F508del CFTR targeting and stability on the plasma mem-
brane. However, some corrector compounds, such as VRT-325
and Corr 4a, while being able to rescue the apical expression
of F508del CFTR to the apical membrane of airway cells are
not able to restore normal stability of the mutant protein at
the cell surface (Cholon et al., 2010). This suggests the need
of combined pharmacological approaches that may increase
the stability of F508del CFTR on the cell surface.

The finding that the effect of the corrector on the rescued
CFTR-dependent chloride transport is strongly influenced by
the cell background suggests that the corrector could regulate
a plethora of proteins involved in CFTR maturation and/or
degradation (e.g. proteostasis regulators) (Powers et al., 2009).
In this regard, Pedemonte et al. (Pedemonte et al., 2010)
suggest that any putative corrector effect needs to be tested in
different cell systems, including primary airway cells. This
means that other factors related to the intracellular environ-
ment are involved in rescuing the functional expression of
F508del-CFTR. In support of this notion, it has been shown
that cAMP-increasing agents, through receptor stimulation,
direct activation of AC or inhibition of the cAMP-degrading
enzymes PDEs, partially restore the defective chloride con-
ductance of many CFTR mutants, including F508del CFTR
from CF mice and patients (Liu et al., 2005).

Interaction of CFTR with other
proteins and formation of
macromolecular complexes

The regulation of CFTR has long been recognized to be highly
localized (Huang et al., 2004). The interaction of the channel
with different molecules and the consequent formation of a
variety of macromolecular complexes within which the com-
position of the individual elements may change offer the
possibility of a highly compartmentalized regulation of CFTR
function whereby local control of channel activity at specific
sites mediates specific functional outcomes. This is clearly
exemplified by the ability of CFTR to form a complex with
either NHERF1 or NHERF2. In vitro and in vivo studies dem-
onstrated that, despite their structural similarities, NHERF1
and NHERF2 appear to differently tune CFTR activity as well
as CFTR interactions with other transporters and receptors. As
reported by Singh et al. (2009), in murine duodenum NHERF2
mediates CFTR inhibition by coupling LPA receptor to CFTR
while NHERF1 stimulates CFTR activity by linking to
b2-adrenergic receptors (b2AR).

CFTR is composed of two motifs, each of which consists
of a hydrophobic membrane-spanning domain (MSD) and a
cytosolic hydrophilic region (nucleotide binding domain,
NBD) for binding ATP. These two motifs are linked by a
cytoplasmic regulatory domain that contains several charged

residues and multiple consensus sites for PKA phosphoryla-
tion, responsible for increasing the open probability of the
channel and hence Cl- efflux. Both the amino- and carboxyl-
terminal tails are located inside the cytoplasm and are
involved in the binding between CFTR and a multitude of
interacting partners including transporters, ion channels,
receptors, kinases, phosphatases, signalling molecules and
cytoskeletal elements. Such interactions have been shown to
play a key role in the regulation of CFTR-mediated Cl- efflux
both in vitro and in vivo (Li and Naren, 2010). In addition,
these interactions have been suggested to mediate the ability
of the CFTR to coordinate the activity of many other trans-
membrane ion fluxes via regulation of proteins such as the
sodium channels amiloride-sensitive ENaC, responsible for
sodium reabsorption, the potassium channels ROMK, respon-
sible for K+ efflux, the chloride channels ORCC e CaCC, the
Na+/H+ exchanger, responsible for the modulation of intrac-
ellular pH, the Cl-/HCO3- exchanger and aquaporin 3 (Sch-
reiber et al., 1999).

The carboxyl terminus of CFTR contains the PDZ inter-
acting domain, Asp-Thr-Arg-Leu, which is responsible for
binding to several PDZ domain containing proteins including
NHERF1 (Na+/H+ exchanger regulatory factor isoform 1),
NHERF2, CAP-70 (CFTR-associated protein, 70 kDa) and CAL
(CFTR associated ligand). The physiological significance of
these adaptor proteins not only in the regulation of CFTR
activity has been verified in several studies (Guggino and
Stanton, 2006). NHERF1 interaction was demonstrated to
affect both polarized expression of CFTR on the apical mem-
brane of airway cells and the vectorial transport of chloride
(Moyer et al., 2000). In addition, it was found that overex-
pression of NHERF1 stimulates CFTR-dependent chloride
efflux by increasing apical expression of the channel in
16HBE14o- cells (expressing wt CFTR). Importantly, overex-
pression of NHERF1 was also shown to promote apical expres-
sion of the mutant channel in human CFBE41o- cell, a cell
homozygous for F508del CFTR, resulting in a significant
redistribution of F508del CFTR from the cytoplasm to the
apical membrane and in rescued CFTR-dependent chloride
secretion (Guerra et al., 2005). The finding that overexpres-
sion of NHERF1 is able to stimulate chloride secretion in CF
cells is consistent with the hypothesis that some F508del
CFTR is able to escape the degradative pathway and that
NHERF1 overexpression may contribute to stabilize F508del
CFTR that has been rescued on the plasma membrane,
making it less susceptible to degradation (Kwon et al., 2007).

Role of the CFTR

That the cytoskeleton plays an important role in the regula-
tion of CFTR activity was first suggested by early studies
where cytoskeletal disruption with cytochalasin D com-
pletely blunted the cAMP-mediated activation of the channel
(Prat et al., 1995; 1999). The integration of the CFTR into a
macromolecular complex that is anchored to the subcortical
cytoskeleton may underpin such regulation. For example,
NHERF1 finely regulates the activity of the channel activity
not only by directly interacting with CFTR but also by organ-
izing the association of multiple scaffolding and signal trans-
duction components in proximity of the channel (Guggino
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and Stanton, 2006). One of such interactions involves the
carboxyl terminal of NHERF1 and the structural protein
ezrin. Ezrin belongs to the Ezrin, Radixin and Moesin (ERM)
protein family, and has the ability to interact with both the
plasma membrane and filamentous actin thus providing a
membrane–cytoskeletal linkage that is critical for the stability
of the cell cortex. The ERM proteins are structured such that
intramolecular interaction between the amino-terminal and
carboxyl-terminal domains masks protein–protein interac-
tion sites and maintains the protein in an inactive state in the
cytoplasm. Disruption of this intra-molecular interaction
activates ezrin, resulting in its recruitment to the plasma
membrane via its N-terminal domain and binding to F-actin
through its C-terminal domain. The activation of ezrin occurs
essentially through conformational changes, resulting from
binding to phosphatidylinositol the 4,5-bisphosphate (PIP2),
a lipid that is selectively concentrated to the apical surface of
polarized epithelia, and from phosphorylation of a conserved
threonine in the actin binding domain (T567) (Yonemura
et al., 2002; Fievet et al., 2004). In its activated state, the
FERM domain of ezrin binds to target membrane proteins
either directly or indirectly through the PDZ protein NHERF
(Weinman et al., 2000; Fehon et al., 2010); and, once acti-
vated, ezrin has been demonstrated to play a fundamental
role in control of cytoskeletal organization (Bretscher et al.,
2002). Ezrin has been found to be essential in the functional
expression of CFTR. On one side, it interacts with NHERF1,
promoting CFTR stabilization on the apical membrane (Favia
et al., 2010). On the other side, it can act as an A kinase
anchoring protein (AKAP) as in its active conformation a
central domain is exposed that binds to the regulatory
subunit of PKA (Dransfield et al., 1997; Swiatecka-Urban
et al., 2004). This allows the compartmentalization of PKA in
proximity of CFTR and promotes its phosphorylation.

As documented by a number of studies, another mecha-
nism by which the cytoskeleton may affect CFTR function
involves recycling of the CFTR to the plasma membrane. The
cytoskeleton network is strictly correlated with apical CFTR
expression (Swiatecka-Urban et al., 2004), a process that has
been shown to require the interaction with a complex of
actin-binding proteins including myosin VI. Ganeshan et al.,
2007 demonstrated that actin disassembly induced by Wisko-
statin, dramatically decreased CFTR surface expression with a
consequent increase in its internalization. Moreover, in HT29
colonic cell monolayers incubated with latrunculin B, an
actin monomer sequestering agent, the same authors found
a significant decrease of CFTR-dependent Cl- current. All
together, these findings suggest that the observed inhibition
of CFTR-dependent chloride secretion can be ascribed to an
alteration of the balance between the internalization and the
recycling at the plasma membrane that is dependent on a
properly organized cytoskeleton. Moreover, it has been found
that the interaction of wt CFTR with scaffolding proteins and
the actin cytoskeleton is responsible for confined lateral dif-
fusion of the channel within the plane of the membrane,
since CFTR diffusion is highly increased after C-terminal
CFTR truncations or overexpression of NHERF1 in which the
carboxyl-terminus that interacts with ezrin is deleted
(NHERF1-DERM), or after cytoskeletal disruption (Bates et al.,
2006; Haggie et al., 2006). In line with these observations, we
have found that NHERF1 overexpression in CF airway cell

monolayers promotes the phosphorylation of ezrin via the
activation of a RhoA/ROCK pathway, which results in
increased F-actin organization and assembly. The activation
of ezrin provides a regulated link between F508del CFTR, the
actin filaments and the formation of a multi-protein complex
that stabilizes the mutant CFTR in the apical membrane by
delaying its internalization (Favia et al., 2010).

PKA exerts a local control on
CFTR activity

The inclusion of the CFTR into macromolecular complexes
that are anchored to the cortical cytoskeleton suggests an
important spatial component to the regulation of the
channel and provides a structural basis for local control of its
activity (Huang et al., 2004).

Indeed, compartmentalization appears to be a key feature
of PKA-mediated regulation of CFTR function, where all the
elements required for the cAMP signal to be generated,
affected, modulated and terminated are gathered in close
proximity to the target CFTR. In airway epithelial cells, for
example, Gs-protein coupled receptors that are involved in
the regulation of the channel (e.g. Adenosine 2b receptors or
b2AR) have been shown to be compartmentalized with
NHERF1 and ezrin in close proximity to CFTR together with
the cAMP-generating enzyme adenylate cyclase (AC) (Huang
et al., 2001; Naren et al., 2003; Taouil et al., 2003). This
complex promotes the rapid cAMP-dependent phosphoryla-
tion and activation of CFTR. The cAMP degrading enzyme
PDE4 was also shown to be localized at the apical membrane
of airway epithelial cells in proximity to CFTR. Degradation
by PDE4 of cAMP newly synthesized by apical AC was shown
to limit the lateral diffusion of the second messenger restrict-
ing its action to spatially confined microdomains within the
apical membrane (Barnes et al., 2005). Furthermore, in airway
and intestinal epithelial cells, the serine/threonine phos-
phatase PP2A was shown to physically and functionally inter-
act with CFTR and to contribute to the regulation of channel
activity (Thelin et al., 2005). Evidence also indicates that
CFTR can be part of different macromolecular complexes that
are functionally distinct. In one study, both b2AR and CFTR
were shown to bind to NHERF1 through their PDZ domains
at the apical membrane of epithelial cells (Naren et al., 2003).
Deletion of the PDZ motif from CFTR resulted in uncoupling
of the channel from the b2AR, both physically and function-
ally. Such uncoupling was shown to be receptor specific as
deletion of the PDZ domain did not affect CFTR coupling
to adenosine receptors (Naren et al., 2003). The specificity
achieved by local regulation of CFTR activity is further illus-
trated by studies where Calu-3 cells treated with low doses of
adenosine achieved maximal stimulation of CFTR-mediated
Cl- efflux although no measurable change in global levels of
cAMP could be detected (Huang et al., 2001). In another
study, lysophosphatidic acid, a naturally occurring phos-
pholipid that lowers cAMP levels via activation of a
Gi-coupled receptor, was found to inhibit CFTR function in
response to adenosine stimulation without causing a decrease
in overall cAMP levels (Li et al., 2005). One interesting feature
that emerges from these studies is that the regulation of CFTR
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appears to rely on a pool of cAMP that is confined to the
sub-plasma membrane compartments and that stimuli that
affect Cl- secretion do not substantially perturb overall levels
of the second messenger. In line with this notion, inhibition
of the multidrug resistance protein 4 (MRP4), a cAMP trans-
porter that functionally and physically associates with CFTR,
was shown to significantly potentiate CFTR function in
response to adenosine without significantly increasing intra-
cellular cAMP levels (Li et al., 2007).

Actin cytoskeleton,
compartmentalization of
cAMP and regulation of CFTR

Although cAMP is a small and highly hydrophilic molecule
that in the aqueous intracellular environment is expected to
diffuse very rapidly, in recent years, an increasing body of
evidence clearly shows that cAMP is not free to diffuse inside
the cells, but rather the propagation of cAMP signals is spa-
tially regulated, resulting in the generation of restricted pools
of second messenger within confined subcellular compart-
ments (reviewed in Zaccolo, 2009). The local nature of cAMP
signals leads to the activation of limited subsets of the effec-
tor PKA (Zaccolo and Pozzan, 2002) and, consequently, to the
phosphorylation of a limited number of downstream targets
(Di Benedetto et al., 2008). A key role in the spatial control of
signal propagation is played by AKAPs, a large and diverse
family of functionally related proteins that anchor PKA in
proximity of its targets, thereby limiting the phosphorylation
events to a restricted and specific subset of substrates (Wong
and Scott 2004). The functional relevance of PKA anchoring
to AKAPs has been demonstrated by several studies. For
example, treatment of epithelial cells with Ht31, a competing
peptide that displaces PKA from AKAPs, was shown to inhibit
PKA-mediated phosphorylation of CFTR as well as to reduce
cAMP-stimulated CFTR Cl- current (Sun et al., 2000). Some of
the AKAPs have also been shown to bind PDEs, the enzymes
that degrade cAMP and phosphatases, thus allowing for
highly selective and local termination of the signal (Beene
et al., 2007).

The compartmentalization of cAMP signalling allows for a
specific extracellular stimulus to be translated into the
required cellular response while avoiding inappropriate acti-
vation of the multiplicity of other cAMP-dependent path-
ways that are present in the cell but the activation of which
is not required for that specific response.

The mechanism that limits the spread of cAMP signals
generated at the plasma membrane to intracellular sites is the
object of intense investigation as it is recognized that under-
standing how cAMP signalling operates at the subcellular
level may provide novel avenues for the development of
drugs with increased efficacy and reduced side effects
(Zaccolo, 2011). PDEs have been shown to play a key role in
differentially regulating the concentration of cAMP at defined
intracellular sites (Mongillo et al., 2004; 2006) as well as spe-
cifically in regulating diffusion of cAMP away from the
plasma membrane (Rich et al., 2001; Terrin et al., 2006;
Oliveira et al., 2010). Other mechanisms, including the
presence of a physical barrier due to the densely packed

subcortical cytoskeleton or the close proximity of internal
membranes to the plasma membrane, have been suggested
(Rich et al., 2000), although direct evidence was so far
lacking.

In a recent study, we used targeted FRET reporters to
monitor in real time and in intact living cells the intracellular
levels of cAMP and PKA activity in the sub-plasma membrane
compartment and in the bulk cytosol of human pulmonary
epithelial cells and found that cAMP is indeed compartmen-
talized. cAMP raising stimuli generate an increase in cAMP
levels that is higher in the sub-plasma membrane compart-
ment than in the bulk of the cytosol (Figure 1A) (Monterisi
et al., 2012). We also found that the confinement of cAMP to
the sub-plasma membrane domain requires an intact sub-
cortical cytoskeleton as treatment of cells expressing wt CFTR
with latrunculin B resulted in depletion of the sub-cortical
pool of cAMP and accumulation of the second messenger in
the cytosol and, consequently, in a redistribution of PKA
phosphorylation activity from the subcortical space to the
bulk cytosol (Monterisi et al., 2012). Notably, we found that
in airway cells from CF patients homozygous for the delF508
mutation, the subcortical compartmentalization of cAMP is
disrupted and cAMP levels, as well as PKA phosphorylation
activity, are significantly increased in the bulk cytosol at
the expenses of the sub-plasma membrane compartment
(Figure 1B). The structural basis for cAMP compartmentaliza-
tion appears to require the integrity of the CFTR/NHERF1
complex. Indeed, ablation of wild-type CFTR by small RNA
interference was sufficient to disrupt cAMP compartmentali-
zation resulting in loss of sub-cortical PKA activity, whereas
overexpression of wild type CFTR in cells expressing F508del
CFTR restored cAMP compartmentalization at the plasma
membrane and local PKA activity.

In the same system, disruption of the PKA–AKAP interac-
tion after treatment with the anchoring inhibitor Ht31 not
only dramatically reduced, in cells expressing wt CFTR, the
ability of the channel to respond to cAMP modulation but it
was also sufficient to completely ablate the Cl- efflux recovery
mediated by NHERF1 overexpression in CFBE/sNHERF1 cells,
indicating that PKA anchoring is required for the rescuing
effect exerted by overexpression of NHERF1 (Monterisi et al.,
2012). Overexpression of NHERF1 in cells expressing F508del
CFTR, a manoeuvre previously shown to stabilize the mutant
CFTR at the plasma membrane and to promote cytoskeleton
organization (Favia et al., 2010), allowed for the barrier to
cAMP diffusion to be reconstituted (Monterisi et al., 2012).
The presence of a high level of cAMP in the sub-cortical
compartment appears to be required for PKA-mediated regu-
lation of CFTR activity as treatment with latrunculin B was
sufficient to decrease the Cl- efflux in cells expressing wild
type CFTR.

Potential implications of
compartmentalized cAMP signalling

In the future, it will be important to establish whether altered
compartmentalization of cAMP and PKA activity at the
plasma membrane is a generalized defect of CF cells.
However, the findings described above confirm the impor-
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tance of a correctly organized intracellular milieu for the
appropriate functioning of CFTR. Specifically, they point to
the requirement for a sufficiently high concentration of
cAMP in the sub-plasma membrane space to achieve effective
activation of local PKA and consequent efficient regulation of
CFTR activity. This may be relevant for the selection of phar-
macological compounds aiming at re-establishing CFTR func-
tion. A number of these molecules appear to be unable to
restore cAMP-mediated activation of CFTR despite their
ability to stabilize F508del at the apical membrane (Pede-

monte et al., 2005; Rowe et al., 2010). From a translational
point of view, a number of compounds identified in primary
screenings using cell lines expressing F508del CFTR gave dis-
appointing results in clinical trials (Lukacs and Verkman,
2012). It may therefore be important to determine whether a
local cAMP increase in the sub-cortical domain is a prerequi-
site for proficient rescue of CFTR activity. The ability of
selected compounds to re-establish cAMP compartmentaliza-
tion could potentially be an indicator of their effectiveness in
restoring control of Cl- efflux in vivo.

Figure 1
(A) Cells expressing wtCFTR show a well-organized subcortical cytoskeleton that limits cAMP diffusion away from the plasma membrane. As a
result, in response to AC activation, the concentration of cAMP is higher in the sub-membrane compartment compared with the bulk cytosol. The
local increase in cAMP activates ezrin-bound PKA, resulting in efficient phosphorylation of the CFTR and increased Cl- efflux. (B) Cells expressing
F508del CFTR show a disorganized cytoskeleton and, consequently, diffusion of cAMP away from the membrane. Loss of an organized cortical
cytoskeleton releases the PKA-anchoring protein ezrin with consequent relocalization of PKA to the cytosol. RD = regulatory domain; R = PKA
regulatory subunit.
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