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Salt-inducible kinase 1 (SIK1) in epithelial cells mediates the increases in active sodium transport (Na+,
K+-ATPase-mediated) in response to elevations in the intracellular concentration of sodium. In lung alve-
olar epithelial cells increases in active sodium transport in response to b-adrenergic stimulation increases
pulmonary edema clearance. Therefore, we sought to determine whether SIK1 is present in lung epithe-
lial cells and to examine whether isoproterenol-dependent stimulation of Na+, K+-ATPase is mediated via
SIK1 activity. All three SIK isoforms were present in airway epithelial cells, and in alveolar epithelial cells
type 1 and type 2 from rat and mouse lungs, as well as from human and mouse cell lines representative of
lung alveolar epithelium. In mouse lung epithelial cells, SIK1 associated with the Na+, K+-ATPase a-sub-
unit, and isoproterenol increased SIK1 activity. Isoproterenol increased Na+, K+-ATPase activity and the
incorporation of Na+, K+-ATPase molecules at the plasma membrane. Furthermore, those effects were
abolished in cells depleted of SIK1 using shRNA, or in cells overexpressing a SIK1 kinase-deficient mutant.
These results provide evidence that SIK1 is present in lung epithelial cells and that its function is relevant
for the action of isoproterenol during regulation of active sodium transport. As such, SIK1 may constitute
an important target for drug discovery aimed at improving the clearance of pulmonary edema.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Keeping the alveolar space free of fluid is essential for adequate
lung function, e.g. maintaining the surface tension and proper gas
exchange. Excess fluid in the lung alveoli is reabsorbed across the
alveolar epithelial cells type 1 (AEC1) and type 2 (AEC2), via active
sodium transport across the alveolo-capillary barrier. Sodium is
transported from the alveolar lumen through amiloride sensitive-
and insensitive epithelial sodium channels (ENaC) and cGMP gated
cation channels located on the apical domain of the alveolar cells
[1,2], whereas the main driving force for sodium transport over
the lung-capillary barrier is the Na+, K+-ATPase localized in the
basolateral domain of the membrane [3]. The Na+, K+-ATPase ac-
tively pump sodium from the interior of the epithelial cell into
the interstitium and/or lung capillaries [4]. The generated sodium
gradient drives the transport of water molecules through aquapo-
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rins that are localized in the apical domain of the cells, or via para-
cellular absorption [5].

The regulation of the Na+, K+-ATPase activity is tightly con-
trolled in response to circulating hormones either by modulating
its catalytic activity, or by regulating the abundance of active mol-
ecules at the plasma membrane [6]. The long-term regulation is
achieved by affecting gene transcription and/or protein degrada-
tion [6,7]. Also, short-term regulation of the catalytic activity
(housekeeping function) could be accomplished primarily via
antagonist binding which results in inhibition of the activity (e.g.
ouabain) or via changes in substrate abundance (e.g. Na+, ATP,
cAMP) [6]. Different circulating hormones (e.g. dopamine [8,9],
aldosterone [10], angiotensin II [11], insulin [12] and [13], isopro-
terenol [14]) regulate the abundance of active Na+, K+-ATPase mol-
ecules at the plasma membrane, in a tissue specific manner, via
endocytosis or by recruitment of active Na+, K+-ATPase molecules
from intracellular compartments. Similarly, exposing alveolar epi-
thelial cells to hypoxia or hypercapnia leads to modulation of Na+,
K+-ATPase activity by regulating the number of active molecules
present in the plasma membrane [15,16].

Activation of b-adrenergic receptors accelerate lung edema
clearance [17,18,19], and this effect is associated with increases
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in Na+, K+-ATPase activity and active sodium transport. The pro-
posed cellular mechanisms involved incorporation of Na+, K+-ATP-
ase molecules at the plasma membrane of alveolar epithelial cells
[14] and changes in the state of phosphorylation of the Na+, K+-
ATPase a-subunit [20,21].

We recently described in renal epithelial cells the presence of a
sodium-sensing network that is responsible for the regulation of
Na+, K+-ATPase activity [22]. At the core of this network is the
salt-inducible kinase 1 (SIK1) that is activated in a calcium-depen-
dent manner leading to increases in Na+, K+-ATPase activity in re-
sponse to elevated intracellular sodium [22]. SIK1 is also
responsible for the increases in Na+, K+-ATPase activity in renal tu-
bules from Milan hypertensive rats [23]. SIK1 is a member of the
AMPK family of kinases [24] and expressed in various transporting
epithelia [25,26]. Various functions have been ascribed to SIK1,
such as a regulator of gene expression [27], cardiac development
[28], and steroidogenesis [29].

Within this background, we sought to determine whether SIK1
is present in lung epithelial cells and whether it mediates the stim-
ulatory effect of isoproterenol an alveolar cell Na+, K+-ATPase
activity.
Table 1
Primers list.

Primer sequence (50–30) Size GenBank ID

Mouse sik1f CTTCGACATGCAAGGCTACA 262 NM_010831
Mouse sik1r AGGAACCTCCAGACTGCTGA
Mouse sik2f TCCAAGACCTTTCGAGCAGT 255 AB067780
Mouse sik2r GGAAGAGTCGCTTCTGTTGG
Mouse sik3f GGCTTCAGCAACCTCTTCAC 323 NM_27498
Mouse sik3r TTGTGCCTGCAGATCTGTTC
Rat sik1f GCTTTTACGACGTGGAACG 677 AC096909
Rat sik1r GTCTTGAGACATGAAGAAGG
Rat sik2f TCTCCATGAGTGATAGCCCC 428 DQ188032
Rat sik2r ACTGCTCGAAAGGTCTTGGA
Rat sik3f GAACAGTGCAGCTCCTTTCC 684 XM_001068984
Rat sik3r ACCAGTTGGTGACTTGGAGG
Human sik1f GAGTCACCAAAACGCAGGTT 456 NM_173354
Human sik1r CCTTCCCCTCAAAGACTTCC
Human sik2f TCCCAGTGGAGCAGAGACTT 431 NM_015191
Human sik2r TTCTGACAGAGTGTGCCGTC
Human sik3f GGCTACTACGAGATCGACCG 622 NM_025164
Human sik3r GATTCTGCAGTGTGCTTCCA
GAPDHf ACCACAGTCCATGCCATCAC 452 BC064681
GAPDHr TCCACCACCCTGTTGCTGTA
2. Materials and methods

2.1. Reagents

SIK1, SIK2 and SIK3 antibodies and SIK1 pT182 antibody were
described elsewhere [30], b-tubulin (T4026) antibody was from
Sigma–Aldrich, E-cadherin from Santa Cruz Biotechnology, CA,
USA, Hemagglutinin (HA) antibody was from Covance (Denver,
Pennsylvania, USA. 5a monoclonal antibody directed to the NK
a-subunit and T1a (Developmental Studies Hybridoma Bank, Uni-
versity of Iowa). FITC-conjugated goat anti rabbit IgG from Invitro-
gen (Carlsbad, CA, USA), LB180 was provided by Dr. Mary Williams
and Dr. Antoinette Wetterwald, and Texas Red-labeled goat anti-
mouse IgG from Invitrogen (Carlsbad, CA, USA). EZ-link NHS-SS-
biotin and streptavidin-Sepharose beads were from Pierce Chemi-
cal Co. (Rockford, IL, USA). Isoproterenol and ouabain were from
Sigma, and [86Rb+] RbCl from Perkin–Elmer (Norwalk, Connecticut,
USA). All other reagents were of highest grade available.

2.2. Cell lines

A model of pulmonary epithelial cells from mouse, MLE-12 cells
(ATCC) were grown in DMEM/F12 (Gibco/Invitrogen) supple-
mented with 10% FBS and 1% penicillin/streptomycin. A549 cells,
a human lung carcinoma cell line, and Opossum Kidney (OK) cells
from the proximal tubules, were grown in DMEM supplemented
with 10% FBS and 1% penicillin/streptomycin. NCI-H441 cells, a hu-
man lung adenocarcinoma epithelial cell line, exhibiting a number
of alveolar epithelial cells type II characteristics, were cultured in
RPMI 1640 medium, supplemented with 10% FBS and 1% penicil-
lin/streptomycin.

2.3. Plasmids and transfection

Cells were transfected using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA, USA) according to manufacturer’s instructions, with
expression times between 24 and 48 h. Stable clones of shRNA con-
structs were selected using Hygromycin B (Gibco/Invitrogen).
Transient transfection performed with SIK1 wild type (WT) or
SIK1 mutant (K56M), both bearing a hemagglutinin tag (HA) [22],
and SIK1-GST [30]. SIK1 was also silenced using shRNA. pSilencer
3.1-H1-hygro containing shRNA for SIK1 (Forward 50 ? 30 GATCC
GGGAGTACGAGGGTCCCCAGTTCAAGAGACTGGGGACCCTCGTACTC
CTTTTTTGGAAA; Reverse 50 ? 30 AGCTTTTCCAAAAAAGGAGTACGA
GGGTCCCCAGTCTCTTGAACTGGGGACCCTCGTACTCCCG) or a nega-
tive control containing a scramble sequence (Forward 50 ? 30 GATC
CGTTACACTTTTTTGGAAA; Reverse 50 ? 30 CTAGGCAATGTGAAA
AAACCTTT). All constructs were verified by DNA sequence analysis
and the expression validated by Western blot.

2.4. Isolation of rat AEC1 and AEC2 cells

AEC1 and AEC2 were isolated from male Sprague–Dawley rats
as described [31]. The Northwestern University Animal Use and
Care Committee approved all animal procedures performed in this
study. Rats were anaesthetized with ketamine (40 mg/kg/BW) and
xylazine (8 mg/kg/BW). A tracheotomy was performed and rats
were ventilated with a rodent ventilator. The heart was then tran-
sected and a catheter placed in the pulmonary artery. After perfu-
sion, the lungs were removed for the isolation of AEC1 and AEC2.
The purities of the final AEC1 and AEC2 preparations were >90%
and >98% (assessed by immunocytochemistry using anti-T1a anti-
bodies anti-LB180 antibodies, respectively). Cross-contaminations
of AEC1 and AEC2 were less than 0.5%. The viabilities of both cell
preparations were >95%.

2.5. Reverse transcription-PCR

Total RNAs were isolated using RNeasy Mini kit (Qiagen, Valen-
cia, CA) and incubated with DNase I enzyme (Ambion, Austin, TX).
First-strand cDNA synthesis was performed using Superscript™
first-strand synthesis system (Invitrogen, Carlsbad, CA). Primers
for SIK1, SIK2, SIK3 and glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) were listed in Table 1. Conditions for PCR amplifica-
tion were: 10 mM of Tris–HCl (pH 9.0 at 25 �C), 50 mM of KCl, 0.1%
Triton X-100, 1.8 mM of MgCl2, 0.16 mM of dNTP mix, 1.6 lM of
each primer and 1 unit of DNA Taq polymerase, with 20 ng of cDNA
in a final reaction volume of 25 ll. Agarose-gel (1.5%) electropho-
resis and ethidium bromide staining were used to visualize PCR
bands.

2.6. Real-time PCR

Sub-confluent cells were harvested and lysed and RNA extrac-
tion was performed using Omega Biotech E.Z.N.A.™ Total RNA
purification kit according to manufacturer’s instructions. Genomic
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DNA was digested using Omega Biotech E.Z.N.A. RNase free DNase
Kit 1. Total RNA (500 ng), was reversely transcribed into cDNA
using RevertAID™ H Minus M-MuLV Reverse Transcriptase, Ran-
dom Hexamer primer and RiboLock RNase Inhibitor from Fermen-
tas Life Science (Vilnius, Lithuania). SIK1 gene expression levels
were analyzed using Mm00440317_m1 Gene Expression Assay
and Master mix from Applied Biosystems (Foster City, CA, USA)
and normalized for the expression of RPLP0 (ribosomal protein,
large, P0) by Mm00725448_s1, using ABI PRISM 7000 Sequence
Detection System using the 7000 System SDS Software Version
1.2.3 (Applied Biosystems). Samples were assayed in duplicates
using the standard curve method.

2.7. Immunohistochemistry

Paraffin-embedded lung tissue sections (4 lm thick) were de-
void of paraffin with xylene and rehydrated. Antigen retrieval
was used before blocking in PBS with 10% normal goat serum,
0.1% BSA, 0.3% TX-100. The antigen retrieval solution is 0.5 M
Tris–HCl with 5% Urea, pH 9.5. The dilutions for rabbit against
SIK1, SIK2, SIK3, mouse against LB180 and mouse against rat T1a
antibodies are 1:100, 1:100, 1:100, 1:50 and 1:200, respectively.
Secondary antibody for SIK1, SIK2, and SIK3 was FITC-conjugated
goat anti rabbit IgG (1:1000) and for T1a or LB180, Texas Red-la-
beled goat anti-mouse IgG (1:1000). An anti-fade mounting media
(Innovex Biosciences) was used to fix the coverslip to a slide. The
slides were examined using a Nikon Eclipse E800 fluorescence
microscope, and the images were processed by MetaMorph soft-
ware (Molecular Devices, Inc.).

2.8. Determination of SIK1 activity

MLE-12 cells were transformed with SIK1-GST. After 24 h
expression time, the cells were incubated with or w/o agonist.
Thereafter, cells were then placed on ice, rinsed with PBS, and
lysed. The lysates were centrifuged and the supernatant added to
MicroSpin GST Purification Module (GE Healthcare), eluted in
10 mM glutathione and then analysed by SDS–PAGE and Western
blot. Protein concentration determined according to Bradford
[32] using a commercial reagent (Bio-Rad). Proteins were sepa-
rated using the Laemmli buffer system [33]. The SIK1 activity
was assessed by measuring the levels of SIK1 phosphorylated at
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Threonine 182 and compared with the total amount of SIK1. ImageJ
software (http://rsb.info.nih.gov/ij/) was used for quantification.

2.9. Immunoprecipitation

Cells were lysed in immunoprecipitation (IP) buffer: 50 mM Tris,
150 mM NaCl, 2 mM EDTA, 2 mM EGTA, 50 mM NaF, 1% Triton X-
100, and protease inhibitors (1 mM PMSF, 5 lg/ml leupeptin, 5 lg/
ml antipain, 5 lg/ml pepstatin A and 10 lg/ml aprotinin). Post-nu-
clear supernatants (PNS) were pre-cleared with protein A/G (Santa
Cruz Biotechnology). The PNS were incubated in IP with NK 5a anti-
body for 16 h with end-over-end rotation at 4 �C. Protein A/G was
added, and after additional 2 h at end-over-end rotation at 4 �C,
the complexes were spun down and washed with IP buffer. Samples
were warmed at 54 �C for 20 min in Laemmli loading buffer [33], and
the proteins were analysed by SDS–PAGE and Western blot.

2.10. Determination of Na+, K+-ATPase activity

Na+, K+-ATPase activity was assayed using 86Rb+ transport as de-
scribed previously [34]. Briefly, MLE-12 cells transiently transfec-
ted with SIK1 WT or K56M mutant were seeded in 24-well plates
to a density of 100,000 cells/well. Media was exchanged to serum
free DMEM with 50 mM HEPES (pH 7.4) EGTA (2 mM) was added
for 20 min incubation at 37 �C. Trace amounts of [86RB+] RbCl
was added and cells were incubated 5 min at room temperature
before isoproterenol was added. The reaction was terminated by
washing with ice-cold NaCl and lysing of the cells in 3% SDS. Radio-
activity was quantified by using a scintillation counter and cor-
rected for protein concentration. Na+, K+-ATPase mediated
transport was calculated by subtracting the activity in samples
treated with ouabain from the total activity.

2.11. Plasma membrane biotinylation

Cells were labeled for one hour using 0.5 mg/ml EZ-link NHS-
SS-biotin. Thereafter, the cells were rinsed with PBS containing
50 mM glycine to quench unreacted biotin and then lysed in mod-
ified RIPA buffer (50 mM Tris–HCl, pH 8, 150 mM NaCl, 1% NP-40,
and 1% sodium deoxycholate, 1 lg/ml leupeptin, 100 lg/ml TPCK,
and 1 mM PMSF). Aliquots (150 lg of total protein) were incubated
overnight at 4 �C with end-over-end shaking in the presence of
streptavidin beads. The beads were thoroughly washed and then
re-suspended in 30 ll of Laemmli sample buffer solution [33].
SDS–PAGE and Western blotting were used to determine the plas-
ma membrane abundance of the a-subunit.

http://rsb.info.nih.gov/ij/
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2.12. Statistical analysis

To estimate the significance of the differences between the
samples, the unpaired Student’s t-test was used. P values 60.05
were considered statistically significant.

3. Results and discussion

We examined whether all three SIK isoforms were present in
airways/alveolar epithelial cells from several species. Using reverse
transcription PCR, we identified the presence of mRNA for all three
isoforms in A549 and H441 cells, both cell lines derived from hu-
man lungs and that retain certain characteristics of alveolar epithe-
lial cells (Fig. 1A). Similarly, all three SIK isoforms were present in
AEC1 and AEC2 from rat lungs (Fig. 1B). At the protein levels, using
immunofluorescence, all three isoforms were present in AEC1 and
AEC2 from rat lung sections (Fig. 1C).

SIK isoforms were also present in lung epithelial cells and in
small airways in mice lung sections. Immunohistochemistry re-
vealed the presence of all three isoforms in AEC1 and AEC2
(Fig. 2A). The presence and localization of all three SIK isoforms
is of relevance because of the wide range of cellular functions in
which these isoforms are reported to be involved. The fact that
lung sections revealed the presence of the SIK1 isoform in both,
AEC1 and AEC2 suggest that its role during regulation of Na+, K+-
ATPase activity and active sodium transport could take place theo-
retically in both cell types. Most functional studies aimed at under-
standing the role and regulation of Na+, K+-ATPase activity during
lung edema clearance has been performed in isolated AEC2 or cell
line models of AEC2. In a cell line (MLE-12) representative of a
mouse model of AEC2 cells mRNA was detected for all three SIK
isoforms (Fig. 2B). Because the SIK1 isoform associates with the
Na+, K+-ATPase and regulates the activity in response to increases
in sodium permeability [22], we further examined whether SIK1
also associates with the Na+, K+-ATPase in MLE-12 cells. Similar
to OK cells, the SIK1 protein co-immunoprecipitated with the
Na+, K+-ATPase a-subunit (Fig. 2C), and may therefore participate
in its regulation. Thus, we examined whether isoproterenol, a
known activator of Na+, K+-ATPase activity, regulates SIK1 activity
in MLE-12 cells. SIK1 activity could be determined in intact cells by
measuring the state of phosphorylation of its Thr-182 residue. Iso-
proterenol increased SIK1 activity (% increase: 27 ± 3, n = 4,
P = 0.013) (Fig. 2D). Isoproterenol increases both SIK1- and Na+,
K+-ATPase activity. To examine whether SIK1 plays a role during
stimulation of Na+, K+-ATPase, MLE-12 cells were transiently trans-
fected with SIK1 wild type or a kinase deficient mutant (K56M).
Isoproterenol increased Na+, K+-ATPase activity in cells transiently
overexpressing the SIK1 wild type (similar to what has been previ-
ously reported for non-transfected cells [14]), but this effect was
absent in cells overexpressing an inactive SIK1 (Fig. 2E). These re-
sults suggest that SIK1 is part of the cell-signaling network utilized
by isoproterenol during stimulation of Na+, K+-ATPase activity.

Isoproterenol increased Na+, K+-ATPase activity by incorpora-
tion of new molecules at the plasma membrane [14]. To further
examine whether SIK is involved in such process, we utilized
MLE-12 cells in which the SIK1 protein expression has been stably
suppressed. Expression of SIK1-shRNA promoted a reduction in
SIK1 protein expression only (Fig. 3A) as well as in the SIK1 mRNA
level (Fig. 3B) when compared to cells expressing a scrambled sc-
shRNA. Plasma membrane biotinylation was performed to assess
the incorporation of Na+, K+-ATPase molecules at the plasma mem-
brane. Whereas isoproterenol increased the a-subunit abundance
at the plasma membrane in cells expressing sc-shRNA, this effect
was absent in cells expressing SIK1-shRNA (lacking SIK1)
(Fig. 3C). In order to influence the intracellular cellular trafficking
of Na+, K+-ATPase-containing vesicles, hormones regulate the
activity of molecular motors that ultimately propel these vesicles
to the plasma membrane. Because such motors (i.e.: kinesin) con-
tain SIK-consensus phosphorylation sites it is plausible that SIK1
might be part of a distinct signaling network specifically regulating
Na+, K+-ATPase trafficking to the plasma membrane in response to
isoproterenol. We have previously reported that SIK1 controls the
Na+, K+-ATPase activity of molecules that are present at the plasma
membrane via activation of phosphatases and de-phosphorylation
of the catalytic subunit [22]. Thus, the present results may also
suggest that SIK1 could mediated the trafficking of active mole-
cules to the plasma membrane, and this event alone or in combina-
tion with increases in the catalytic activity of Na+, K+-ATPase
molecules that are already the plasma membrane account for the
increases in active sodium transport and alveolar fluid clearance.

In conclusion, these data indicate that SIK1 is present in lung
epithelial cells as well as in small airways epithelia, and that its
function is relevant for the action of isoproterenol during regula-
tion of active sodium transport. Therefore, SIK1 may constitute
an important target for drug discovery aimed at improving the
clearance of pulmonary edema.
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