
Protein Kinase A-Ia Regulates Na,K-ATPase Endocytosis
in Alveolar Epithelial Cells Exposed to High
CO2 Concentrations

Emilia Lecuona1, Haiying Sun1, Jiwang Chen1*, Humberto E. Trejo1, Margaret A. Baker1,
and Jacob I. Sznajder1

1Division of Pulmonary and Critical Care Medicine, Department of Medicine, Feinberg School of Medicine,

Northwestern University, Chicago, Illinois

Elevated concentrations of CO2 (hypercapnia) lead to alveolar epi-
thelial dysfunction by promoting Na,K-ATPase endocytosis. In the
present report, we investigated whether the CO2/HCO3

2 activated
soluble adenylyl cyclase (sAC) regulates this process. We found that
hypercapnia increased the production of cyclic adenosine mono-
phosphate (cAMP) and stimulated protein kinase A (PKA) activity
via sAC, which was necessary for Na,K-ATPase endocytosis. During
hypercapnia, cAMP was mainly produced in specific microdomains
in the proximity of the plasma membrane, leading to PKA Type Ia
activation. In alveolar epithelial cells exposed to high CO2 concen-
trations, PKA Type Ia regulated the time-dependent phosphoryla-
tion of the actin cytoskeleton component a-adducin at serine
726. Cells expressing small hairpin RNA for PKAc, dominant-negative
PKA Type Ia, small interfering RNA for a-adducin, and a-adducin with
serine 726 mutated to alanine prevented Na,K-ATPase endocytosis. In
conclusion, we provide evidence for a newmechanism by which hyper-
capniaviasAC,cAMP,PKATypeIa,anda-adducinregulatesNa,K-ATPase
endocytosis in alveolar epithelial cells.
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Na,K-ATPase

The Na,K-ATPase located at the basolateral membrane of alve-
olar epithelial cells drives the vectorial sodium transport necessary
to keep the lungs free of edema (1, 2). In many animal models and
in patients with acute lung injury/acute respiratory distress syn-
drome (ALI/ARDS), alveolar fluid reabsorption is impaired, partly
because of a decreased abundance of Na,K-ATPase at the plasma
membrane (3–5). We recently reported that rat lungs exposed to
high CO2 concentrations (hypercapnia) have impaired alveolar
fluid reabsorption because of Na,K-ATPase endocytosis, inde-
pendent of intracellular and extracellular pH (6). The signaling
pathways leading to hypercapnia-induced Na,K-ATPase endocy-
tosis in alveolar epithelial cells are still being explored, with roles
for protein kinase C (PKC)–z and AMP-activated protein kinase
(AMPK) reported (6, 7).

Recently, a soluble adenylyl cyclase (sAC) responsive to CO2/
HCO3

2 has been proposed as a metabolic sensor that generates
cyclic adenosine monophosphate (cAMP) in cellular microdomains

in response to changes in CO2/HCO3
2 concentrations (8–10). sAC

does not contain transmembrane domains, and unlike transmem-
brane adenylyl cyclases (tmACs), sAC is insensitive to regulation
by forskolin or heterotrimeric G proteins (8). cAMP mediates its
cellular effects via at least three distinct classes of direct effectors:
cAMP-dependent protein kinase A (PKA), guanine nucleotide
exchange factors for the small G protein Rap (Epacs), and cAMP-
gated ion channels (11). PKA exists as an inactive holoenzyme
composed of two catalytic and two regulatory subunits (12). Four
regulatory subunits lead to four types of PKA isozymes, namely,
PKA Types Ia, Ib, IIa, and IIb (13).

Adducins comprise a protein family encoded by three closely re-
lated genes (a, b, and g) that regulate the assembly of the spectrin–
actin subcortical membrane network, and that have been described
as a substrate for PKA (14, 15). a-adducin has been reported to
modulate Na,K-ATPase endocytosis (16, 17). However, whether
adducin phosphorylation is required for Na,K-ATPase endocytosis
remains unknown.

Here we set out to determine whether alveolar epithelial cells
exposed to high concentrations of CO2 exhibit increased sAC
activity, and whether the cAMP produced by sAC promotes
Na,K-ATPase endocytosis. We found that hypercapnia increased
the production of cAMP via sAC in specific microdomains, leading
to the activation of PKA Type Ia. PKA Type Ia in turn leads to
the phosphorylation of a-adducin at serine (Ser) 726, a necessary
step in hypercapnia-induced Na,K-ATPase endocytosis. A portion
of these studies was previously reported in abstract form (18).

MATERIALS AND METHODS

Reagents, antibodies, cell culture, and the isolation of primary cells are
described in the online supplement.

CO2 Exposure

Exposures and solutions were performed as described elsewhere (7). A
more detailed protocol can be found in the online supplement.

cAMP Assay

Cells were exposed for 1 minute to PCO2 of approximately 40 mm Hg,
pH 7.4, or to PCO2 of approximately 120 mm Hg, pH 7.4, in the absence
or presence of inhibitors, or small interfering (si)RNA and cellular
cAMP concentration was measured using a cAMP immunoassay kit
(Enzo Life Sciences, Farmingdale, NY).

Fluorescence Resonance Energy Transfer Imaging

Fluorescence resonance energy transfer imaging (FRET) imaging
experiments, based on the technique of Nikolaev and colleagues (19),
were performed 24 hours after A549 cells were transfected with the
Epac-1 sensor for cAMP (a gift of Dr. G. Hamilton, University of Glasgow,
Glasgow, Scotland, UK). The sensor is a fusion protein generated by posi-
tioning cyan fluorescent protein and yellow fluorescent protein moieties to
encompass the cAMP-binding domain of Epac-1 directly. Changes in FRET
were measured as changes in the background-subtracted 545/480-nm fluo-
rescence emission intensity on excitation at 430 nm and expressed as R/R0,
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where R is the ratio at time t and R0 is the ratio at time ¼ 0 seconds.
Data are represented as the background-subtracted 480/545-nm fluores-
cence emission intensity, as described by Gesellchen and colleagues (20),
with an increase in ratio values corresponding to an increase in cAMP. A
more detailed protocol can be found in the online supplement.

Transfection

Cells were grown on 35-mm plates at a density of 0.35–0.6 3 105 cells/
plate. siRNAs were transfected using Lipofectamine RNAimax (Life
Technologies, Carlsbad, CA), and plasmids were transfected using Lip-
ofectamine 2000 (Life Technologies). Cells were used 24 to 72 hours
after transfection. A list of the siRNAs and plasmids used can be found
in the online supplement.

Biotinylation of Cell-Surface Proteins

Biotinylation, streptavidin pull-down, and Western blotting were per-
formed as previously described (7). A list of antibodies is provided in
the online supplement.

PKA Assay

PKA activity was measured using a nonradioactive assay kit (Enzo Life
Sciences). A detailed protocol can be found in the online supplement.

Small Hairpin RNA against the Catalytic Subunit of PKA

Small hairpin RNA (shRNA) against the catalytic subunit of PKA
(PKAc)was generated using them-cherry version of the pG-SUPERvector

Figure 1. High CO2 exposure increases
the production of cyclic adenosine mono-

phosphate (cAMP) via soluble adenylyl cy-

clase (sAC) in alveolar epithelial cells,

which is necessary for Na,K-ATPase endo-
cytosis. (A) Rat alveolar type II (ATII),

human A549, and rat RLE-6TN cells were

exposed to 40 mm Hg PCO2 (CT) or

120 mm Hg PCO2 (CO2) for 1 minute,
and cAMP production was measured by

immunoassay (n ¼ 4). (B) Graph shows

a representative fluorescence resonance

energy transfer imaging (FRET) tracing in
A549 cells expressing the guanine nucle-

otide exchange factor for the small G pro-

tein Rap-1 (Epac-1) sensor and exposed to
CT or CO2 in the presence or absence of

5 mM2-hydroxyestradiol (2HE). An increase

in the ratio corresponds to an increase in

cAMP production. Arrow indicates when
cells were exposed to high CO2 (n ¼ 4).

(C) ATII cells were preincubated for

30 minutes with vehicle or with 5 mM 2HE

and were exposed to CT or CO2 for 1
minute, and cAMP production was mea-

sured by immunoassay (n ¼ 5). (D) RLE

cells were transfected with scrambled
small interfering (si)RNA (si-scr) or siRNA

for sAC (si-sAC) and were exposed to CT

or CO2 for 1 minute, and cAMP produc-

tion was measured by immunoassay (n ¼
3). (E) Graph represents the relative

abundance of the Na,K-ATPase a1 sub-

unit at the plasma membrane in ATII cells

preincubated for 30 minutes with vehicle
or 5 mM 2HE and exposed to CT or CO2

for 30 minutes. Below: A representative

Western blot shows the abundance of the

Na,K-ATPase a1 subunit at the plasma
membrane (PM) and cell lysate (CL)

(n ¼ 5). (F) Graph represents the relative

abundance of the Na,K-ATPase a1 sub-
unit at the plasma membrane in RLE cells

transfected with si-scr or si-sAC and ex-

posed to CT or CO2 for 30 minutes. Be-

low: A representative Western blot shows
the abundance of the Na,K-ATPase a1

subunit at the plasma membrane (PM)

and cell lysate (CL) and sAC knockdown

(n ¼ 3). *P , 0.05. **P , 0.01.
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(21) (a gift from Dr. Shin Kojima, Northwestern University). The tar-
geting sequence entailed PKAca (NM_207518, 59-GAACACACCCT
GAATGAAA-39).

Immunocytochemistry

The cellular distribution of Na,K-ATPase, the regulatory subunits of
PKA, and a-adducin was determined using a Zeiss LSM 510 laser-
scanning confocal microscope (objective plan apochromat, 363/1.4 oil;
Carl Zeiss Microscopy, Jena, Germany). A detailed protocol can be
found in the online supplement.

Cloning and Site-Directed Mutagenesis

The PKA regulatory subunit Ia (RIa) was amplified from A549 cells and
cloned into the vector p3XFLAG-CMV (Sigma-Aldrich, St. Louis, MO).
The glycine-to-aspartic acid mutation (G325D) was generated using a Quik-
Change Mutagenesis Kit from Agilent Technologies (Santa Clara, CA).
A more detailed protocol is included in the online supplement.

Statistical Analysis

Data are represented as mean 6 SEM. Multiple comparisons were
performed using one-way ANOVA, followed by a Dunnett multiple-
comparisons test when the F statistic indicated significance. Results
were considered significant when P , 0.05.

RESULTS

High CO2 Exposure Increases the Production of cAMP via sAC

in Alveolar Epithelial Cells, Which Is Necessary for

Na,K-ATPase Endocytosis

To determine whether hypercapnia induces an increase in cAMP
production, we exposed rat alveolar type II (ATII), humanA549,
and rat RLE-6TN cells for 1 minute to 120 mm Hg PCO2, and
measured the cellular concentration of cAMP by immunoassay.
As shown in Figure 1A, cAMP concentrations increased in the
different cell lines in a fashion similar to that in primary cells.
We confirmed the increased in cAMP by FRET, using the Epac-
1 sensor. Figure 1B shows a FRET tracing that indicates the
increased production of cAMP after the exposure of transfected
A549 cells to 120 mm Hg PCO2. We determined that sAC was
the enzyme involved in the hypercapnia-induced increase in
cAMP, because preincubation with the specific sAC inhibitor
2-hydroxyestradiol (5 mM) (2HE) (22) (Figures 1B and 1C) and

sAC knockdown by siRNA (Figure 1D) prevented it. Finally, to
study whether the sAC–cAMP pathway mediated hypercapnia-
induced Na,K-ATPase endocytosis, we used a biotinylation assay
to determine the amount of Na,K-ATPase a1 subunit at the
plasma membrane in cells exposed for 30 minutes to 120 mm
Hg PCO2 in the absence or presence of 2HE or si-sAC. We
found that both 2HE (Figure 1E) and si-sAC (Figure 1F) pre-
vented the hypercapnia-induced Na,K-ATPase endocytosis, sug-
gesting an important role for the cAMP generated by sAC.

PKA Mediates Hypercapnia-Induced

Na,K-ATPase Endocytosis

PKA, one of the main effectors of cAMP (11, 13), has been re-
ported to regulate Na,K-ATPase traffic (23, 24). To determine
whether PKA is the downstream effector of cAMP in hyper-
capnia, we exposed cells for 2.5 minutes to 120 mm Hg PCO2,
and determined PKA activity by immunoassay. As shown in
Figure 2, hypercapnia increased PKA activity in both rat pri-
mary ATII cells (Figure 2A) and RLE cells (Figure 2B). More-
over, we determined that sAC-generated cAMP mediated the
increase in PKA activity, because it was prevented by preincu-
bation with 2HE (Figure 2A) and by si-sAC (Figure 2B). To
study whether PKA mediated the hypercapnia-induced Na,K-
ATPase endocytosis, we used a biotinylation assay to determine
the amount of Na,K-ATPase a1 subunit at the plasma mem-
brane in cells transfected with shRNA against the catalytic sub-
unit of PKA and exposed for 30 minutes to 120 mm Hg PCO2.
We found that PKA was necessary for the hypercapnia-induced
Na,K-ATPase endocytosis, because transfection with shRNA
against the catalytic subunit of PKA prevented it (Figure 2C).

Hypercapnia Increases cAMP Concentrations in Discrete

Microdomains Where Na,K-ATPase and PKA Type

Ia Colocalize

Recently, we reported that cAMP mediates the recruitment of
Na,K-ATPase to the plasma membrane in alveolar epithelial
cells (25). Therefore, to understand the discrepancy with our
present results, we explored whether cAMP compartmentaliza-
tion could explain the different effects of cAMP-PKA in these
cells. The possibility of visualizing localized increases in cAMP

Figure 2. Protein kinase A (PKA) medi-

ates the hypercapnia-induced Na,K-
ATPase endocytosis. (A) ATII cells were

preincubated for 30 minutes with vehi-

cle or 5 mM 2HE and exposed to 40 mm
Hg PCO2 (CT) or 120 mm Hg PCO2 (CO2)

for 2.5 minutes, and PKA activity was

measured by immunoassay (n ¼ 3). (B)

RLE cells were transfected with scrambled
siRNA (si-scr) or siRNA for sAC (si-sAC)

and exposed to CT or CO2 for 2.5 minutes,

and PKA activity was measured by immu-

noassay (n ¼ 3). (C) Graph represents the
relative abundance of the Na,K-ATPase

a1 subunit at the plasma membrane in

A549 cells transfected with small hairpin
(sh)–scrambled (sh-scr) or shRNA for the

catalytic subunit of PKA (sh-PKAc) and ex-

posed to CT or CO2 for 30 minutes. Be-

low: A representative Western blot shows
the abundance of Na,K-ATPase at the

plasma membrane (PM) and cell lysate

(CL) and PKAc knockdown (n ¼ 6). *P ,
0.05. **P , 0.01.
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by using pseudocolors of the images obtained by FRET has
been reported (26). With this approach, we found that A549
cells transfected with the Epac-1 sensor and incubated with
120 mm Hg PCO2 have increased cAMP production in the prox-
imity of the plasma membrane (Figure 3A, top). This cAMP

distribution clearly differs from that observed after incubation
with forskolin (an activator of tmAC), which occurs broadly in
the cell, including the perinuclear region (Figure 3A, bottom). These
results indicate that hypercapnia increased the concentration of
cAMP in discrete microdomains, and specifically in the subplasma

Figure 3. Hypercapnia increases the con-

centration of cAMP in discrete microdo-

mains in which Na,K-ATPase and PKA Type
Ia colocalize. (A) Images depict cAMP pro-

duction by FRET, using pseudocolors. Above:

Increased cAMP after exposure to 120 mm

Hg PCO2 (CO2). Below: Increased cAMP after
exposure to 5 mM forskolin. The color scale is

shown at right. Bar, 10 mm. (B) Representa-

tive Western blots show the expression of
the different regulatory subunits of PKA in

A549, RLE, and ATII cells. (C) Confocal

images show the colocalization (arrow, yel-

low) between Na,K-ATPase (green) and the
different regulatory subunits of PKA (red,

RIa, RIb, RIIa, RIIb) in A549 cells expressing

the Na,K-ATPase a1-subunit tagged with

GFP (GFPa1-A549 cells). Bar, 10 mm. t, time;
sec, seconds.
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membrane of alveolar epithelial cells, suggesting the activation of
a specific subset of PKA isoforms located in that region.

To determine whether the specificity of the response to hyper-
capnia was dependent on a subset of PKA isoforms activated by
cAMP, we first analyzed their expression and distribution in alveolar
epithelial cells. As Figure 3B shows, we found that all four isoforms
of the regulatory subunit of PKA are expressed in primary ATII,
A549, and RLE cells. Moreover, confocal images showed that the
Na,K-ATPase mainly colocalized with PKA Type Ia at the plasma
membrane, whereas both PKAType II isoforms mostly colocalized
with Na,K-ATPase in the perinuclear region (Figure 3C). We
found that PKA Type Ib and Na,K-ATPase did not colocalize
(Figure 3C).

PKA Type Ia Mediates the Hypercapnia-Induced

Na,K-ATPase Endocytosis

Our data suggest that hypercapnia (via sAC) increases cAMP
production close to the plasmamembrane, probably activating
PKA Type Ia. To study whether PKA Type Ia mediates the
hypercapnia-induced Na,K-ATPase endocytosis, we determined,
in A549 cells transiently transfected with wild-type PKA Type Ia
or a dominant negative mutant where the glycine in position 325
has been mutated to an aspartic acid (G325D) (which prevents
cAMP from binding to site B) (27), the Na,K-ATPase abundance
at the plasma membrane after exposure for 30 minutes to 120 mm
Hg PCO2. We found that the expression of the G325D mutant
blunted the hypercapnia-induced Na,K-ATPase endocytosis
(Figure 4A). We confirmed the role of PKA Type Ia by over-
expressing a specific isoform peptide disruptor that targets the
RIa subunit to the mitochondria, acting also as a dominant neg-
ative (28) (Figure 4B). As shown in Figure 4B, cells exposed to
120 mm Hg PCO2 and expressing a null nondisruptive peptide have
less Na,K-ATPase at the plasmamembrane. However, hypercapnia-
induced Na,K-ATPase endocytosis was prevented in cells express-
ing a specific RIa disruptor peptide. A possible role for PKA
Type II isoforms was ruled out by determining the abundance
of the Na,K-ATPase at the plasma membrane in ATII cells
incubated with the St-Ht31 peptide, which disrupts the binding
of the PKA regulatory subunit II to the catalytic subunit (29). As
shown in Figure 4C, hypercapnia-induced Na,K-ATPase endocy-
tosis still occurred in the presence of the St-Ht31 peptide.

a-Adducin Is Phosphorylated at Ser726 in Alveolar Epithelial

Cells Exposed to High CO2 Concentrations

The reorganization of the actin cytoskeleton and its component
a-adducin has been shown to play an important role in the
endocytosis of Na,K-ATPase (17, 30). a-adducin has a myristoy-
lated alanine-rich C kinase substrate–related domain that could
constitute a substrate for PKA (31). To determine whether
a-adducin is phosphorylated under hypercapnic conditions, we
performed a time-course experiment where we exposed ATII
and A549 cells up to 30 minutes to 120 mm Hg PCO2, and deter-
mined a-adducin phosphorylation by using a specific phospho-
antibody for Ser726. As Figure 5A shows, we found that a-adducin
was phosphorylated in a time-dependent manner at Ser726 in as few
as 5 minutes of CO2 exposure. To explore whether a-adducin phos-
phorylation at Ser726 was mediated by PKA, and particularly by
PKA Type Ia, we studied its phosphorylation in A549 cells tran-
siently transfected with sh-PKAc or with the dominant-negative
G325D. Figures 5B and 5C show that both constructs prevented
a-adducin phosphorylation at Ser726 in cells exposed to 120 mmHg
PCO2 for 10 minutes. This phosphorylation was not prevented in
ATII cells incubated with the St-Ht31 peptide (Figure 5D), suggest-
ing that PKA Type Ia regulates the phosphorylation of a-adducin
at Ser726 in cells exposed to high concentrations of CO2.

Phosphorylation of a-Adducin at Ser726 Is Necessary

for Hypercapnia-Induced Na,K-ATPase Endocytosis

To determine whether the phosphorylation of a-adducin plays
a role in the hypercapnia-induced Na,K-ATPase endocytosis, we
performed triple-localization experiments with Na,K-ATPase,
PKA Type Ia, and a-adducin. As Figure 6A shows, we observed
that the three proteins colocalized at the plasma membrane.
Finally, to confirm the importance of a-adducin and its phosphor-
ylation in the hypercapnia-induced Na,K-ATPase endocytosis,
we determined the abundance of Na,K-ATPase at the plasma
membrane in A549 cells exposed to 120 mm Hg PCO2, where
a-adducin has been knocked down by siRNA, and in A549 cells
transfected with a plasmid expressing a-adducin with the Ser726
mutated to an alanine. As shown in Figures 6B and 6C,
hypercapnia-induced Na,K-ATPase endocytosis was prevented
in both instances.

Figure 4. PKA Type Ia mediates the

hypercapnia-induced Na,K-ATPase

endocytosis in alveolar epithelial

cells. (A) Graph represents the rel-
ative abundance of the Na,K-

ATPase a1 subunit at the plasma

membrane in A549 cells trans-

fected with plasmids expressing
Flag-RIa or the mutant Flag-RIa–

G325D and exposed to 40 mm

Hg PCO2 (CT) or 120 mm Hg

PCO2 (CO2) for 30 minutes. Below:
A representative Western blot

shows the abundance of NA,K-

ATPase at the plasma membrane
(PM) and cell lysate (CL) and the

expression levels of Flag-RIa and

Flag-RIa–G325D (n¼ 4). (B) Graph

represents the relative abundance of the Na,K-ATPase a1 subunit at the plasma membrane in A549 cells transfected with plasmids Flag-mito–null (mito-
null) or Flag-mito–RIa (mito-RIa) and exposed to CT or CO2 for 30 minutes. Below: A representative Western blot shows the abundance of Na,K-ATPase

at the plasma membrane (PM) and cell lysate (CL) and the expression levels of Flag-mito–null and Flag-mito-RIa (n ¼ 3). (C) Graph represents the

relative abundance of the Na,K-ATPase a1 subunit at the plasma membrane in ATII cells preincubated for 30 minutes with vehicle or 10 mM St-Ht31

before exposure to CT or CO2 for 30 minutes. Below: A representative Western blot shows the abundance of Na,K-ATPase at the plasma membrane
(PM) and cell lysate (CL) (n ¼ 6). *P , 0.05. **P , 0.01.
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Both sAC and AMPK Are Necessary for the Hypercapnia-Induced

Na,K-ATPase Endocytosis

We previously showed that AMPK mediates the high CO2-in-
duced Na,K-ATPase endocytosis in alveolar epithelial cells (7).
In the present report, we show that the activation of sAC is also
necessary for Na,K-ATPase endocytosis to occur. To determine
whether both pathways are interrelated or independent of one
another, we studied PKA activation in the presence of siRNA
for AMPK, and AMPK activation in the presence of 2HE or
siRNA for sAC. As Figure 7A shows, RLE cells exposed to
120 mm Hg PCO2 exhibit increased PKA activity, even when
AMPK has been silenced by siRNA. On the other hand, AMPK
phosphorylation still occurred in cells exposed to 120 mm Hg PCO2

and incubated with the pharmacological sAC inhibitor 2HE
(Figure 7B) or with siRNA for sAC (Figure 7C). Taken together,
these results suggest that both pathways are independent of one
another, but necessary for the hypercapnia-induced Na,K-ATPase
endocytosis.

DISCUSSION

Elevated concentrations of CO2 in blood and tissues (hypercap-
nia) can occur in patients with inadequate alveolar gas exchange,
leading to increased morbidity (32–34). Recently, hypercapnia
was suggested to exert deleterious effects on innate immunity
in Drosophila, C. elegans, and lung tissue (35–37), and also to
impair alveolar epithelial function (6, 7, 38). One of the major
effects of hypercapnia on the alveolar epithelium involves im-
paired Na,K-ATPase function because of the endocytosis of Na,
K-ATPase (6, 7). In the present report, we provide evidence that
hypercapnia-induced Na,K-ATPase endocytosis is dependent on
the cAMP generated by sAC in a discrete subcellular microdomain
that activates a specific subset of PKA isoforms, namely, PKA Type
Ia. PKA Type Ia, in turn, leads to the phosphorylation of a critical
component of the actin cytoskeleton, a-adducin, resulting in Na,K-
ATPase endocytosis.

sAC has been recently identified as a source of cAMP in mam-
mals (9), generating cAMP when activated by CO2/HCO3

2. We

Figure 5. a-adducin becomes phos-
phorylated at serine (Ser) 726 in al-

veolar epithelial cells exposed to high

CO2 via PKA Type Ia. (A) ATII and

A549 cells were exposed to
40 mm Hg PCO2 (CT) or 120 mm

Hg PCO2 (CO2) for different times,

and a-adducin phosphorylation at
Ser726was studiedwith a phospho-

specific antibody. Above: Graph

depicts phosphorylated (P-add)

versus total (T-add) a-adducin.
Below: A representative Western

blot shows the phosphorylation of

a-adducin at Ser726 (n ¼ 6). (B)

Graph represents the relative abun-
dance of phosphorylated versus

total a-adducin in A549 cells trans-

fected with sh-scramble (sh-scr) or
shRNA for the catalytic subunit of

PKA (sh-PKAc) and exposed to CT

or CO2 for 10 minutes. Below: A

representative Western blot shows
the phosphorylation of a-adducin

at Ser726 and PKAc knockdown

(n ¼ 6). (C) Graph represents the

relative abundance of phosphory-
lated versus total a-adducin in

A549 cells transfected with plasmids

expressing Flag-RIa or the mutant

Flag-RIa–G325D and exposed to
CT or CO2 for 10 minutes. Below:

A representative Western blot

shows the phosphorylation of a-
adducin at Ser726 and the

expression levels of Flag-RIa and

Flag-RIa–G325D (n¼ 3). (D) Graph

represents the relative abundance
of phosphorylated versus total

a-adducin in ATII cells preincu-

bated for 30 minutes with vehicle

or 10 mM St-Ht31 before exposure
to CT or CO2 for 10minutes. Below:

A representativeWestern blot shows

the phosphorylation of a-adducin
at Ser726 (n ¼ 3). *P , 0.05.

**P , 0.01.
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found that alveolar epithelial cells exposed to high CO2 concentra-
tions have an increase in cAMP within 1 minute because of the
activation of sAC. The activation of sAC has been suggested to be
regulated by bicarbonate rather than by carbon dioxide itself (39).
However, in phylogenetically related prokaryotic adenylyl cyclases,
CO2 was demonstrated to be the ligand (40).

The cAMPgenerated by sAC regulates ion transport in different
cell types by modulating the activity of different channels and
ATPases such as V-ATPase, cystic fibrosis transmembrane conduc-
tance regulator (CFTR), and Na,K-ATPase (22, 41, 42). We found
that sAC activation was necessary for the hypercapnia-induced
Na,K-ATPase endocytosis, in contrast with reports on kidney cells
where sAC regulated sodium reabsorption by enhancing Na,K-
ATPase activity (42). This discrepancy is in keeping with the
well-known differences in the regulation of Na,K-ATPase between
lung and kidney tissue, namely, b-adrenergic and dopaminergic
agonists induce Na,K-ATPase endocytosis in the kidney, while
inducing its recruitment to the plasma membrane in the alveolar
epithelium (23, 24, 43).

We found that the site of generation of cAMPwas quite differ-
ent in cells exposed to high concentrations of CO2, in comparison

to cells incubated with forskolin, suggesting that sAC generates
cAMP in a compartmentalized fashion close to the plasma
membrane, whereas the cAMP generated by tmACs has a more
generalized and perinuclear location, probably reflecting a greater
increase in the cAMP induced by forskolin than by CO2. This
agrees with the notion that sAC is restricted to specific locations
in the cell, generating cAMP microdomains (10). cAMP exerts
opposing effects in the cell dependent on the site of production,
namely, it strengthens the cortical actin rim when synthesized at
the plasma membrane (44), whereas it can induce gap formation
when synthesized in the cytoplasm (45). These opposing effects,
depending on the site of production, could explain why the cAMP
produced by tmACs regulates alveolar Na,K-ATPase by promot-
ing its recruitment to the plasmamembrane (24, 25), whereas when
cAMP is produced by sAC, it leads to Na,K-ATPase endocytosis.

We found PKA to be necessary for the hypercapnia-induced
Na,K-ATPase endocytosis, in contrast with thewell-established role
of PKA in the recruitment of Na,K-ATPase to the plasma mem-
brane in these cells (25). Ample evidence shows that the different
isoforms of PKA are not functionally redundant, and are located
in distinct intracellular signaling compartments (46, 47). Our

Figure 6. The phosphorylation

of a-adducin (a-add) at Ser726
is necessary for the hypercapnia-

induced Na,K-ATPase endocy-

tosis in alveolar epithelial cells.

(A) Confocal images show tri-
ple localization (white) among

Na,K-ATPase (green), a-adducin

(red), and PKA-RIa (blue) in

A549-GFPa1 cells. Bar, 10 mm.
(B) Graph represents the rel-

ative abundance of the Na,K-

ATPase a1 subunit at the

plasma membrane in A459
cells transfected with scram-

bled siRNA (si-scr) or siRNA

for a-adducin (si-a-add) and exposed to 40 mm Hg PCO2 (CT) or 120 mm Hg PCO2 (CO2) for 30 minutes. Below: A representative Western blot
shows the abundance of Na,K-ATPase at the plasma membrane (PM) and a-adducin knockdown (n ¼ 5). (C) Graph represents the relative

abundance of the Na,K-ATPase a1 subunit at the plasma membrane in A459 cells transfected with plasmids GFP-a-add or GFP-a-add-S726A

and exposed to CT or CO2 for 30 minutes. Below: A representative Western blot shows the abundance of Na,K-ATPase at the plasma membrane

(PM) and the expression levels of GFP-a-add or GFP-a-add-S726A (n ¼ 9). **P , 0.01.

Figure 7. sAC and AMP-activated

protein kinase (AMPK) are neces-

sary for hypercapnia-induced Na,
K-ATPase endocytosis. (A) RLE

cells transfected with scrambled

siRNA (si-scr) or with siRNA for

AMPKa1 (si-AMPKa1) were ex-
posed to 40 mm Hg PCO2 (CT)

or 120 mm Hg PCO2 (CO2) for

2.5 minutes, and PKA activity

was measured by immunoassay.
Below: A representative Western

blot shows AMPKa1 knockdown

(n ¼ 3). (B) RLE cells were incu-
bated for 30 minutes with vehicle

or 5 mM 2HE and exposed to

40 mm Hg PCO2 (CT) or 120 mm

Hg PCO2 (CO2) for 10 minutes, and
AMPK phosphorylation was stud-

ied with a phospho-specific antibody. Upper panel depicts a graph of phosphorylated (P) versus total (T) AMPK. Below: A representative Western blot

shows AMPK phosphorylation (n ¼ 6). (C) Graph represents the relative abundance of phosphorylated versus total AMPK in RLE cells transfected with

scrambled siRNA (si-scr) or siRNA for sAC (si-sAC) and exposed to CT or CO2 for 10 minutes. Below: A representative Western blot shows AMPK
phosphorylation and sAC knockdown (n ¼ 3). *P , 0.05. **P , 0.01.
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confocal experiments indicate that the Na,K-ATPase located at
the plasma membrane of alveolar epithelial cells mainly coloc-
alizes with PKA Type Ia, and we propose that this specific PKA
is activated during hypercapnia by sAC-generated cAMP, lead-
ing to Na,K-ATPase endocytosis. We hypothesize that the differ-
ences in the Na,K-ATPase traffic we observed in alveolar
epithelial cells (endocytosis or recruitment to the plasma mem-
brane) depend on the PKA isoform activated, because b-adren-
ergic agonists preferentially stimulate PKA Type II isoforms (46).

Reorganization of the actin cytoskeleton is crucial in endocy-
tosis processes (48). Adducins have been reported not only to
exert a modulatory effect on actin cytoskeleton dynamics, but
also to participate in the clathrin-dependent endocytosis of
Na,K-ATPase in kidney cells (16, 17). We demonstrated that
a-adducin is necessary for the endocytosis of Na,K-ATPase, and
moreover, that it needs to be phosphorylated. The phosphorylation
of proteins belonging to the spectrin–actin cytoskeleton was shown
to modulate their interaction and function (49). a-adducin has
a myristoylated alanine-rich C kinase substrate–related domain
(a phosphorylation site for PKA and PKC) (14, 31) that regulates
adducin activity when phosphorylated. In particular, the phos-
phorylation of a-adducin at Ser726 promotes its dissociation
from the actin–spectrin complex (50).

We previously showed that AMPK and PKC-z are involved
in the hypercapnia-induced Na,K-ATPase endocytosis, proba-
bly by regulating the signaling cascade leading to the phosphor-
ylation of the Na,K-ATPase a1-subunit at Ser18, a necessary step
toward triggering its endocytosis (6, 7). Here we report that hy-
percapnia leads to Na,K-ATPase endocytosis via remodeling of
the actin cytoskeleton by the phosphorylation of a-adducin.

In conclusion, we provide evidence that alveolar epithelial
cells exposed to high CO2 concentrations lead to an increased
production of cAMP via sAC in discrete cellular microdomains,
resulting in the activation of PKA Type Ia, which in turn mediates
a-adducin phosphorylation at Ser726 and Na,K-ATPase endocyto-
sis. We describe a novel signaling pathway regulating Na,K-ATPase
trafficking, and demonstrate the importance of the type of adenylyl
cyclase involved in cAMP generation, cAMP compartmentaliza-
tion, and PKA isoform specificity, to determine endocytosis versus
recruitment to the plasma membrane of the Na,K-ATPase in al-
veolar epithelial cells.

Author disclosures are available with the text of this article at www.atsjournals.org.
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