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The KCNE2 potassium channel b subunit is required for
normal lung function and resilience to ischemia and
reperfusion injury
Leng Zhou,* Clemens Köhncke,† Zhaoyang Hu,‡,1 Torsten K. Roepke,†,§,{ and Geoffrey W. Abbottk,2

*Department of Anesthesiology and ‡Laboratory of Anesthesiology and Critical Care Medicine, Translational Neuroscience Center, West China
Hospital, Sichuan University, Chengdu, China; †Experimental and Clinical Research Center, Max Delbrück Center for Molecular Medicine,
Berlin, Germany; §Clinic for Cardiology and Angiology, Charité–Berlin University of Medicine Campus Mitte, Berlin, Germany; {Clinic for
Internal Medicine and Cardiology Klinikum Niederlausitz, Senftenberg, Germany; and kBioelectricity Laboratory, Department of Physiology
and Biophysics, School of Medicine, University of California–Irvine, Irvine, California, USA

ABSTRACT: The KCNE2 single transmembrane–spanning voltage-gated potassium (Kv) channel b subunit is ubiq-
uitously expressed and essential for normal function of a variety of cell types, oftenvia regulation of theKCNQ1Kv

channel. A polymorphism upstreamofKCNE2 is associatedwith reduced lung function in human populations, but
the pulmonary consequences of KCNE2 gene disruption are unknown. Here, germline deletion of mouse Kcne2
reduced pulmonary expression of potassium channel a subunits Kcnq1 and Kcnb1 but did not alter expression of
other Kcne genes. Kcne2 colocalized and coimmunoprecipitated with Kcnq1 in mouse lungs, suggesting the for-
mationofpulmonaryKcnq1-Kcne2potassiumchannel complexes.Kcne2deletion reducedbloodO2, increasedCO2,
increased pulmonary apoptosis, and increased inflammatory mediators TNF-a, IL-6, and leukocytes in bron-
choalveolar lavage (BAL) fluids. Consistent with increased pulmonary vascular leakage, Kcne2 deletion increased
plasma, BAL albumin, and the BAL:plasma albumin concentration ratio.Kcne22/2mouse lungs exhibited baseline
induction of the reperfusion injury salvage kinase pathway but were less able to respond via this pathway to
imposedpulmonary ischemia/reperfusion injury (IRI).Weconclude thatKCNE2 regulatesKCNQ1 in the lungs and
is required for normal lung function and resistance to pulmonary IRI. Our data support a causal relationship
betweenKCNE2genedisruptionand lungdysfunction.—Zhou,L.,Köhncke,C.,Hu,Z.,Roepke,T.K.,Abbott,G.W.
The KCNE2 potassium channel b subunit is required for normal lung function and resilience to ischemia and
reperfusion injury. FASEB J. 33, 9762–9774 (2019). www.fasebj.org

KEY WORDS: KCNQ1 • MiRP1 • pulmonary • Kv channel • epithelial

Genes in the 5-member human KCNE family each encode
single–transmembrane domain ion channel regulatory
subunits termed minimal potassium channel subunit–

related peptides (MiRPs) or,more commonly now, KCNE
proteins. The KCNE proteins are primarily recognized for
their regulation of voltage-gated potassium (Kv) channels
(1, 2). KCNE2 is widely expressed in mammalian tissues,
where it regulatesmanydifferentKva subunits.Originally
cloned from an expressed sequence tag from retinoblas-
toma tissue (2), KCNE2was then detected in cardiac tissue
fromseveral differentmammalian species, includingHomo
sapiens (3–8), and human KCNE2 gene variants were as-
sociated with increased predisposition to acquired Long
QT syndrome, a cardiac arrhythmia syndrome involving
delayed ventricular repolarization most commonly linked
to drug block of the human ether-a-go-go-related gene
potassium channel, which forms complexes with KCNE2
(2, 9). Inmouse hearts, Kcne2 regulates theKv4.2 andKv1.5
channels, and Kcne2 deletion also causes delayed ventric-
ular repolarization compared with wild-type mice when
combined with the QT-prolonging agent sevoflurane (10).

KCNE2 is also expressed in many epithelia, where
instead of regulating action potentials to control

ABBREVIATIONS: AKT, protein kinase B; BAL, bronchoalveolar lavage;
Cas9, CRISPR-associated protein 9; CFTR, cystic fibrosis transmembrane
conductance regulator; CRISPR, clustered regularly interspaced short
palindromic repeats; GSK, glycogen synthase kinase; H&E, hematoxylin
and eosin; I/R, ischemia/reperfusion; IRI, I/R injury; JNK, c-Jun
N-terminal kinase; Kv, voltage-gated potassium; PBS-T, PBS containing
0.025% Tween-20; qPCR, quantitative PCR; RISK, reperfusion injury salvage
kinase; SNP, single-nucleotide polymorphism; STAT-3, signal transducer and
activator of transcription 3; W/D, wet:dry lung weight ratio
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muscular contraction, it modulates the activity of chan-
nels controlling secretory processes and ion recycling.
Thus, in parietal cells of the stomach, KCNE2 regulates
KCNQ1, providing a K+ recycling pathway to permit K+

that enters the cell through the gastric H+/K+-ATPase to
return to the stomach lumen, avoiding stagnation of this
circuit (11–13); genetic deletion of either subunit impairs
gastric acid secretion (14–17).

Similarly, in thyroid and choroid plexus epithelial cells,
KCNE2 regulates KCNQ1 by direct physical interaction;
these complexes themselves regulate the activity of
sodium-coupled transporters: themyo-inositol transporter
sodium-coupled myo-inositol transporter 1 in the choroid
plexus and the sodim iodide symporter in the thyroid.
Hence, germline deletion of Kcne2 reduces cerebrospinal
fluid myo-inositol levels and also causes hypothyroidism
(18–20). KCNQ1-KCNE2 channels probably also regulate
insulin secretion from pancreatic b-cells, and germline
deletion of either subunit dysregulates insulin secretion
(21, 22).

KCNQ1 is also expressed in the lungs and airway epi-
thelial cells in the trachea of mice. In addition, KCNQ1 is
expressed in the human lung cancer cell line Calu-3, in
which it is thought to regulate basal cAMP-stimulatedCl2

secretion through the cystic fibrosis transmembrane con-
ductance regulator (CFTR) (23–26). TheCalu-3 cell line is a
model for human submucosal serous cells of the lung,
which ensure a sterile environment within the lungs, and
CFTR is especially enriched in this cell type. Hence, CFTR
dysfunction in serous cells is thought tobeamajor factor in
the pathobiology of lung disease in cystic fibrosis (23, 25).

KCNE2 and KCNE3 are also expressed in Calu-3 cells,
and it has been suggested that one or both of them regu-
lates KCNQ1 there (24). Similar to KCNE3, KCNE2 con-
verts KCNQ1 to a constitutively active noninactivatingK+

channel, enablingKCNQ1-KCNE2 channels to be active at
rest (27); KCNE2 also imparts pH sensitivity such that low
extracellular pH augments KCNQ1-KCNE2 currents (28).
The sum of these properties makes KCNQ1-KCNE2
channels ideal for their role in parietal cells (11–13).

A sequence polymorphism upstream of the human
KCNE2 gene has been found to be associated with altered
lung function (29, 30), which, togetherwith the expression
data from Calu-3 cells, suggested that KCNE2 may be
important in human lung physiology, possibly via coas-
sembly with KCNQ1. Here, we assessed the pulmonary
functional effects of germline Kcne2 deletion in mice and
found Kcnq1 remodeling, evidence of impaired lung
function, pulmonary inflammation, and disrupted pul-
monary injury response. We also found evidence that
KCNE2 forms complexes with KCNQ1 in mouse lung
tissue, suggesting that the pulmonary consequences of
Kcne2deletionmay arise at least in part fromdisruption of
KCNQ1-KCNE2 channels in lung tissue.

MATERIALS AND METHODS

Animals

Wegeneratedglobal-knockoutKcne2+/+ andKcne22/2C57BL/6
femalemice fromKcne2+/+3Kcne22/2crossesusingconventional

methods as we previously described (15). The mean age was
13 mo. The Kcne2-mRuby (Kcne2RR) C57BL/6 mouse line,
in which the Kcne2 gene is edited by clustered regularly
interspaced short palindromic repeats (CRISPR)/CRISPR-
associated protein 9 (Cas9) to generate Kcne2 tagged with
mRuby, a bright monomeric red fluorescent protein variant
optimized for imaging (31), was custom made to order by
Cyagen Biosciences (Santa Clara, CA, USA). The gRNA-to
mouse Kcne2 gene, the donor DNA containing 3xGGGGS-
mRuby, and Cas9mRNAwere coinjected into fertilizedmouse
eggs to generate targeted knockin offspring. Founding and
first–filial generation mice were identified by PCR followed by
sequence analysis and then bred to wild-type mice to test
germline transmission and for first–filial generation/second–
filial generation animal generation. All mice were housed and
used according to recommendations in theGuide for theCare and
Use of Laboratory Animals [National Institutes of Health (NIH),
Bethesda, MD, USA; 8th edition, 2011]. The Institutional Ani-
mal Care and Use Committees of Sichuan University (Permit
2015033A), Charité (Berlin, Germany), and University of Cal-
ifornia–Irvine approved the study.

Real-time quantitative PCR

WeperformedRNAextraction from lung tissueusing theQiagen
RNeasy Kit (Qiagen, Hilden, Germany). Extracted RNA con-
centration was quantified by UV-spectrometric analysis using
the NanoDrop system (Thermo Fisher Sceintific, Waltham, MA,
USA). PCR was carried out by routine Taqman Real Time PCR
(Thermo Fisher Scientific) using a housekeeping reference gene
(18s). The primer sequenceswere as follows.KCNE2: forward59-
CATGGTGATGATCGGCATGT-39, reverse 59-TCGCCGCTTC-
GACTTCA-39; KCNQ1: forward 59-CCTGGGCTCTGTAGT-
CTTCATTC-39, reverse 59-GGCCCAGAAAGCCAATGTAC-39;
KCND2: forward 59-CAAACGAAGGGCACAGAAGAA-39,
reverse 59-GCATTTGCACTCCCGCTTT-39; KCND3: forward
59-GGCAAGACCACCTCACTCATC-39, reverse 59-TCATGGT-
TAGTGGTCTTTTCTAAGCA-39; KCNE1: forward 59-TGAGC-
CTGCCCAATTCCA-39, reverse 59-CCGCCCTGTTCAGCTGT-
CT-39; KCNE3: forward 59-ACGGGACTGAGACCTGGTACA-
39, reverse 59-AGCAAGTGACTGTGAAGGGTTGT-39; KCNE4:
forward 59-GGTGCCCATGATGCTGAATAT-39, reverse 59-
TCCCCTTCCATCGAGCAA-39; KCNA4: forward 59-GCGGG-
CACAGCAGATTG-39, reverse 59-TGAATATTGTGTGCCCT-
GAGTTCT-39; KCNB1: forward 59-CTTTGGGACCTGCTG-
GAGAA-39, reverse 59-GGAGATGATGGCCAGGATCTT-39;
KCNJ2: forward 59-GAGCAAAGCATGCGTGTCA-39, reverse
59-TGTCTGGGTCTCGATGGAGAA-39; KCNH2: forward 59-
CACCAATGGCATCGACATGA-39, reverse 59-GCGAGCGG-
TTCAGGTGTAG-39; 18s: forward 59-ACATCCAAGGAAGG-
CAGCAG-39, reverse 59-TTTTCGTCACTACCTCCCCG-39.

Immunohistochemistry

For immunohistochemistry of Kcnq1 in Kcne2+/+ vs. Kcne22/2 tis-
sue,weusedparaformaldehyde fixation of lung tissue andparaffin
embedding (Shandon Pathcentre; Thermo Fisher Scientific) with
microtome cutting of 5-mm sections. Antibodies (1/200 dilution)
were rabbit anti-KCNQ1 (MilliporeSigma, Burlington, MA, USA)
raised against epitope sequenceTYEQLTVPRRGPDEGS (primary)
and goat anti-rabbit IgG (Vector Laboratories, Burlingame, CA,
USA)biotinylatedantibody(secondary).Slideswerewashedwitha
PBS-Triton 0.5%mix, and the cell nucleiwere stainedwithMayer’s
Hematoxylin (SigmaAldrich, St. Louis, MO, USA).

Fluorescence microscopy

For immunofluorescenceofKcne2andKcnq1 inmouse lungs,we
used frozen lung tissue sections prepared from adult male and
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female Kcne2+/+ and Kcne22/2 mice. No sex-dependent differ-
ences in pulmonary Kcnq1 and Kcne2 localization were ob-
served. Lungs were inflated ex vivo before freezing using 1:1
optimal cutting temperature:PBS, and then plastic molds con-
taining lungs andoptimal cutting temperaturewereplaced into a
dry ice-isopentane slurry and stored at280°C before sectioning
(10 mm) at the University of California–Irvine Pathology Core
Facility. Frozen sections were fixed in ice-cold acetone (10 min),
air-dried, then washed for 2 3 5 min in PBS containing 0.025%
Tween-20 (PBS-T). Sections were then blocked for 2 h at room
temperature in blockingbuffer (PBS-T, 1%bovine serumalbumin,
10%donkey serum),washed again, and then incubated overnight
at 4°C with 1/1000 primary antibodies: goat anti-KCNQ1 (Santa
Cruz Biotechnology, Dallas, TX, USA) in-house rabbit polyclonal
anti-KCNE2 antibody, or both (15). The following day, sections
werewashed (235min inPBS-T)and then incubated for2h in the
darkwith fluorescence-conjugatedAlexa Fluor 488 or 594 donkey
anti-goat IgG secondary antibody, anti-rabbit IgG secondary an-
tibody, or both (1/500–1/1000 dilution; Thermo Fisher Scientific).
Following a 23 5–min wash in PBS-T, 1 drop of Fluoromount G
with DAPI (Thermo Fisher Scientific) was added to each section,
and then slides were coverslipped, sealed with nail polish, and
after drying were visualized using a BX-51 upright microscope
equipped with a DP-72 camera and cellSens software (Olympus,
Tokyo, Japan).

Lung sections from Kcne2RR mice were prepared from lungs
fixed in paraformaldehyde (5%) and visualized as previously
described, with similarly prepared wild-type mouse lung sec-
tions used as a negative control for themRuby fluorescent signal.

Serum preparation and blood gas measurements

Blood was taken from the hearts immediately after euthanizing
the mice; 0.3-ml blood samples were measured with a blood gas
analyzer (ABL800 Flex; Danaher, Washington, DC, USA). The
remainder of each blood sample was centrifuged at 4000 g for 10
min at 4°C, and then the serum samples were frozen at 220°C
until assay.

Mouse model of lung ischemia/reperfusion injury

Sodium pentobarbital (50 mg/kg i.p.) was used for anesthesia.
Mice were intubated with an endotracheal tube (PE90) attached
to amouse ventilator (HarvardApparatus,Holliston,MA, USA)
and ventilated with a tidal volume of 230 ml at a rate of 120
strokes/min. Once anesthetized, mice were placed on their right
side, and a left anterolateral thoracotomy in the fifth intercostal
space was performed. The chest was opened, and the left hilum
was clamped, occluding the pulmonary artery, vein, and main
stem bronchus. After 1 h of ligation, the clampwas released, and
the left lung was reperfused for 2 h. Sham-treated mice un-
derwent the same procedure but without clamping of the left
pulmonary hilum. Anesthesia adequacy was controlled by
monitoring the loss of the corneal reflex, the lack of response to
toe pinching, and by evaluating heart rate. Mouse body tem-
perature was maintained with a heating blanket. At the end of
reperfusion, mice were euthanized with an overdose of sodium
pentobarbital (200 mg/kg, i.p.), and death was monitored via
cardiac activity and respiration. Left lungs were then surgically
dissected and immediately frozen for further assessment.

Bronchoalveolar lavage fluid collection and
cell counts

The thorax was opened at the end of the experiment. Bron-
choalveolar lavage (BAL) fluid was collected by cannulating the

trachea with repeated instilling of 0.5 ml ice-cold sterile PBS
containing heparin up to a total volume of 1.5 ml. The recovered
BAL fluid was centrifuged at 1500 g for 10 min at 4°C. Super-
natant fluids were stored at280°C for ELISA analysis. Cell pel-
lets were resuspended in PBS solution, and the total leukocytes
were counted with the aid of a hemocytometer. The slides were
visualized using Wright-Giemsa staining (MilliporeSigma), and
cells were counted in a double-blind manner.

Determination of albumin and cytokine content in
BAL fluid

Mouse albumin levels in BAL fluid or in plasma were measured
in duplicate using a commercial ELISA kit (DLdevelop, Wuxi,
China). The levels of inflammatory cytokines, including TNF-a
and IL-6 in BAL, were quantified using ELISA according to the
manufacturer’s instructions.

Wet:dry lung weight ratio

After the experiments, the left lower lobesof the lungswere taken
andmeasured immediately after excision (wet weight). The lung
tissuewas then dried in an oven at 60°C for 5 d and reweighed to
obtain dry weight. The wet:dry lung weight ratio (W/D) was
calculated as an indicator of edema.

Lung tissue collection

After euthanizing the mice, the left lungs were dissected and
embedded in 10%phosphate-buffered formalin overnight before
cutting into5-mmsections. Serial sectionsof transverse lung slices
were deparaffinized in xylene and isopropanol and then moun-
ted on glass slides for hematoxylin and eosin (H&E) staining or
TUNEL.

Histologic evaluation

A numerical scoring system was used in this analysis for histo-
logic evaluation based on an established lung injury scoring
system (Supplemental Table S1) (32).

TUNEL assay

Cell death was assessed with the TUNEL kit according to the
manufacturer’s instructions (Roche, Basel, Switzerland). A total
of 10 visual fields from each slice were chosen randomly and
analyzed in a blindedmanner. TUNEL-positive apoptotic nuclei
appeared fluorescent green and the apoptotic index was calcu-
lated as a ratio of the number of TUNEL-positive nuclei to the
totalnucleipopulation. Imageswereobtainedandassessedusing
a fluorescence microscope (Carl Zeiss, Oberkochen, Germany).

Western blot analysis and immunoprecipitation

Frozen left lung tissue samples were homogenized with a pre-
cooled pestle grinder system (Thermo Fisher Scientific). RIPA
buffer contained 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1%
NP-40, 1 mM EDTA, and 0.25% sodium deoxycholate mixed
with phosphatase inhibitor cocktail (MilliporeSigma) and a
protease inhibitor cocktail (MilliporeSigma). The homogenate
was centrifuged at 10,000 g for 10 min at 4°C. The supernatant
was collected, and protein concentration was determined by the
bicinchoninic acid method (Thermo Fisher Scientific). An equal

9764 Vol. 33 September 2019 ZHOU ET AL.The FASEB Journal x www.fasebj.org

 15306860, 2019, 9, D
ow

nloaded from
 https://faseb.onlinelibrary.w

iley.com
/doi/10.1096/fj.201802519R

 by U
niversity O

f C
alifornia - Irvine, W

iley O
nline L

ibrary on [15/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.fasebj.org


amount of protein (15mg) was loaded onto 12% sodiumdodecyl
sulfate PAGE gels for electrophoresis. Proteins were then trans-
ferred onto nitrocellulose membranes (VWR International, Rad-
nor, PA, USA) and blotted with primary antibodies. Primary
rabbit antibodies included goat anti-KCNQ1 antibody (Santa
Cruz Biotechnology), phosphorylated (p)ERK1/2 (Thr202/
Tyr204), total (t)ERK1/2, (p)p38 MAPK (Thr180/Tyr182),
(t)p38 MAPK, (p)stress-activated protein kinase/c-Jun
N-terminal kinase (JNK) (Thr183/Tyr185), (t)JNK, (p)protein
kinase B (AKT) (ser473), (t)AKT; (p)glycogen synthase kinase-
3b (GSK-3b) (Ser9), (t)GSK-3b, (p)signal transducer and acti-
vator of transcription 3 (STAT-3) (Tyr705), and (t)STAT-3 (all 1:
1000; Cell Signaling Technology, Danvers, MA, USA). After
overnight incubation of primary antibodies, the membranes
were incubated with a 1:5000 dilution of horseradish
peroxidase–conjugated goat anti-rabbit IgG secondary anti-
body (Bio-Rad, Hercules, CA, USA). The membranes were
developed by chemiluminescence Western blotting ECL (Mil-
liporeSigma). Signals were visualized by an AmershamImager
600 system (GE Healthcare, Waukesha, WI, USA), and band
densities were determined using ImageJ Data Acquisition
Software (NIH). Band densities of phosphorylated proteins
were normalized to the respective total protein signal densities.

For Kcnq1 and Kcne2 coimmunoprecipitation, mouse lung
tissuewashomogenizedusing aBeadRuptor Elite beadmillwith
porcelain beads (Omni International, Kennesaw, GA, USA),
precleared with protein A agarose beads (Thermo Fisher Scien-
tific), and then incubated overnight at 4°C with in-house
anti-KCNE2 antibodies raised in rabbit (15) or goat
anti-KCNQ1 pAb (Santa Cruz Biotechnology). The following
day, antibody-protein complexes were precipitated using pro-
tein A beads and separated on 4–12% Bis-Tris gels (Thermo
Fisher Scientific), transferred onto PVDFmembranes (Bio-Rad),
and then Western blotted using 1/1000 dilution of in-house
anti-KCNE2 antibodies (15) or rabbit anti-KCNQ1 pAbs (Mil-
liporeSigma) in 5% milk (overnight at 4°C) as we previously
described (10). Followingwashes inTris-buffered saline–Tween
(335min),primaryantibodieswereprobedusinggoatanti-rabbit
IgG secondary antibody (Thermo Fisher Scientific) at 1 in 5000 in
1% milk and Tris-buffered saline–Tween. Bands were visualized
using Immobilon Forte Western HRP Substrate (MilliporeSigma)
and a Gbox system (Syngene, Cambridge, United Kingdom).

Statistical analysis

All values are expressed as means 6 SEM. Unpaired 2-tailed
Student’s t tests were used for 2-value comparisons. Formultiple
comparisons over 3 groups, 1-way ANOVA was used followed
by theNewman-Keuls test orDunnett’s T3 test dependingon the
equality of homogeneity of variance. Values were considered to
be significant at P, 0.05.

RESULTS

Germline Kcne2 deletion reduces pulmonary
expression of KCNQ1 and KCNB1

Using real-time quantitative PCR (qPCR), we quantified
transcripts of Kv channel a and b subunits in wild-type
mouse lung tissue and examined the effects of Kcne2 de-
letion (Fig. 1A). Kcne2 was relatively highly expressed in
normal lung tissue, confirming our previous result (33).
Kcne1 was absent but Kcne3 and Kcne4 were readily de-
tectable, and their expression was unchanged by Kcne2
deletion. Among several known Kcne2-partner Kv a sub-
units that were quantified, only transcripts for Kcnb1 and

Kcnq1were altered by Kcne2 deletion, with each showing
down-regulation. We confirmed this down-regulation at
the protein level for Kcnq1 (Fig. 1B). Similarly, Kcnq1
protein was detectable in several locations in the lung,
including epithelial cells surrounding bronchioles, and
was down-regulated in Kcne22/2 mice (Fig. 1C).

To verify Kcne2 protein expression inmouse lungs and
test the hypothesis that Kcne2 regulates Kcnq1 in mouse
lungs, we adopted 3 complementary approaches. First,
we probed Kcne2 expression by immunofluorescence in
Kcne2+/+ mouse lung sections, using Kcne22/2 lung sec-
tions as a negative control.Weobserved the specificKcne2
protein signal surrounding the bronchioles and to a lesser
extent in alveoli (Fig. 2A, B). In cells lining the bronchi and
bronchioles, Kcne2 was primarily localized at or close to
the cell membrane (Fig. 2C). Second, using CRISPR/Cas9,
we generated a mutant mouse line in which the native
Kcne2 gene was edited to add an mRuby fluorescent tag
(Kcne2RR mice) (Fig. 2D). Fluorescence microscopy of
Kcne2RR mice lungs revealed Kcne2-mRuby protein dis-
tribution around the bronchi and bronchioles and, to a
lesser extent, in alveoli; wild-type mice imaged as a neg-
ative control using equivalent exposure showed minimal
background red fluorescence (Fig. 2E). Kcne2 colocalized
withKcnq1 in cells lining the bronchi andbronchioles (Fig.
2F). Third, Kcnq1 protein was immunoprecipitated from
mouse lung tissue using anti-Kcne2 antibody, which itself
detected Kcne2 usingWestern blotting (Fig. 2G, H). These
data suggest that Kcne2 forms channel complexes with
Kcnq1 in mouse lungs, especially in cells lining the bron-
chioles.Wenext tested the effects ofKcne2deletionon lung
function and resilience to injury.

Kcne2 deletion increases pulmonary damage
and inflammatory cytokine production
at baseline

Kcne2 deletion did not cause lung edema because equal
W/D was found in baseline Kcne2+/+ and Kcne22/2 mice
(P = 0.5763). We also analyzed arterial blood gases from
Kcne22/2 mice and their wild-type littermates. Kcne22/2

mice had high partial pressure of carbon dioxide (65.8 6
4.7 mmHg), low partial pressure of oxygen (126.3 6 2.5
mmHg), and low concentration of total oxygen (12.86 0.7
mmHg) and total hemoglobin, with elevated concentra-
tionofNa+,Ca2+, andCl2 concentrations,demonstratinga
mixed respiratory and metabolic imbalance (Fig. 3A and
Supplemental Fig. S1). Although one Kcne22/2 lung
showed slight histopathological alterations such as thick-
ened alveolar walls and neutrophil infiltration,
H&E-stained sections of Kcne2+/+ and Kcne22/2 lungs
didn’t reveal statistically significant histologic structure
and architecture differences between the 2 genotypes,
perhaps because of variability within the Kcne22/2mouse
group (Fig. 3B). We quantified apoptosis using TUNEL
staining of Kcne2+/+ and Kcne22/2 lung tissues and exam-
ined the sections by immunofluorescence microscopy. To
identify apoptotic cells, double labeling was performed.
Apoptotic cells were visualized by colocalized double
positivity of TUNEL-green andDAPI-red. Also indicative
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of more pulmonary damage in Kcne22/2 mice compared
with Kcne2+/+ mice, Kcne2 deletion significantly increased
the number of TUNEL-positive cells in lung tissues com-
pared with Kcne2+/+ mice (Fig. 3C).

TNF-a and IL-6 serve asmajor inflammatory cytokines,
the elevation of which may amplify lung injury and
stimulate the inflammatory and autoimmune processes
(34). Theproductionof these 2 cytokineswasup-regulated
in Kcne22/2 lungs (TNF-a: P = 0.025, IL-6: P = 0.006 vs.
Kcne2+/+ mice; Fig. 4A, B). Consistent with this, a marked
increase in the total number of leukocyteswasnoted in the
BAL fluid inKcne22/2mice comparedwith theirwild-type
littermates (P = 0.004; Fig. 4C). Moreover, we found that
albumin concentrations were significantly increased by
Kcne2 deletion in plasma (40% increase, P = 0.003; Fig. 4D)
and BAL fluid (2-fold higher, P = 0.001; Fig. 4E), with a

44% higher BAL:plasma albumin concentration ratio in
Kcne22/2 mice compared with that in Kcne2+/+ mice (P =
0.032; Fig. 4F), suggestive of relatively more pulmonary
vascular leakage in Kcne22/2 mice at baseline.

Kcne2 deletion stimulates baseline
protein phosphorylation

Wealsodetecteddifferences arising fromKcne2deletion in
the phosphorylation of proteins known to be involved in
signaling cascades activated in response to ischemic
damage (35, 36).Wefoundnodifferences in tERK1/2, tp38
MAPK, tJNK, tAKT, tGSK-3b, or tSTAT-3 protein levels in
all groups. pERK1/2, pp38 MAPK, pJNK, pAKT, pGSK-
3b, or pSTAT-3 levels were normalized by their total

Figure 1. Kcne2 deletion stimulates pulmonary
Kv channel remodeling. A) Real-time qPCR
quantification of Kv a and b subunit transcript
expression in Kcne2+/+ and Kcne22/2 mouse
lung tissue (n = 4 mice/genotype). *P , 0.05.
Upper inset: schematic of KCNQ1 and KCNE2
topology. B) Western blot quantification of
KCNQ1 protein in Kcne2+/+ and Kcne22/2

mouse lung tissue (n = 3 mice/genotype). Left,
blot; right, band density normalized to mean wild-
type band density. **P , 0.01. C) Exemplar
Kcne2+/+ and Kcne22/2 mouse lung tissue histol-
ogy with KCNQ1 immunostaining (brown).
HERG, human ether-a-go-go-related gene;
Kir2.1, inward rectifier potassium channel 2;
VSD, voltage-sensing domain. Scale bar, 20 mm.
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protein levels. We observed a 2.3-fold increase in ERK1/2
phosphorylation in Kcne22/2 lungs (P = 0.0001; Fig. 5A),
whereas the ratio of pp38MAPK:tp38MAPK inKcne22/2

mice post ischemia/reperfusion (I/R) injury (IRI) was
double that of Kcne2+/+ mice (P = 0.004; Fig. 5B). JNK
phosphorylationwas increased by 30% inKcne22/2 lungs
(P = 0.013; Fig. 5C). Similarly, we also observed a 55%
increase in AKT phosphorylation inKcne22/2 lung lysates
(P= 0.031; Fig. 5D). Strikingly, the ratio of pGSK-3b:tGSK-
3b at baseline was increased by 5-fold in Kcne22/2 lungs
(P = 0.0003; Fig. 5E). However, pSTAT-3 levels remained
unchanged between genotypes (P = 0.071; Fig. 5F).

Kcne2 deletion exacerbates I/R-induced
pulmonary injury

We next quantified W/D in lungs from Kcne2+/+ and
Kcne22/2 mice subjected to 1 h of left lung ischemia

followed by 2 h of reperfusion (IRI). Sham treatment
did not cause alternation of the W/D when compared
with baseline values (P = 0.291), and there were no
genotype-dependent differences at baseline or in sham-
treated mice (Fig. 6A). However, after pulmonary IRI,
the W/Dwas significantly larger in Kcne22/2 mice (6.36
0.4) than in Kcne2+/+ mice (5.4 6 0.3%, P , 0.05, n = 6–9;
Fig. 6B). Pulmonary damage was also evaluated by
H&E staining, and quantification was evaluated using
a previously described histologic scoring system (32).
After IRI, both genotypes suffered various degrees of
pulmonary injury (all P , 0.001 vs. sham-treated mice).
Compared with Kcne2+/+ mice, the degree of pul-
monary injury was more severe in Kcne2-deleted
lungs (P , 0.001). In the lungs of Kcne22/2 mice, the
I/R-induced pulmonary damage or inflammatory re-
sponsewas considerablymore intense, as evidenced by
a more enhanced alveolar accumulation of neutrophils
and lymphocytes, thickened alveolar walls, interstitial

Figure 2. Kcne2 colocalizes with Kcnq1 in mouse lungs. A) Immunofluorescence detection of Kcne2 protein in Kcne2+/+ but not
Kcne22/2 mouse lung tissue. Scale bar, 40 mm. B) Immunofluorescence detection of Kcne2 (E2) protein (green) in Kcne2+/+

mouse lung tissue. Scale bar, 10 mm. C) Immunofluorescence detection of Kcne2 protein (green) in Kcne2+/+ mouse lung tissue
compared with location of the nucleus stained with DAPI (DP; blue). Left, single channel images; center, merged; right, close-up
images of boxed region from center panel. Scale bar, 10 mm. D) Schematic of CRISPR/Cas9 targeting approach to generate
Kcne2RR mice. E) Fluorescence detection of Kcne2-mRuby (red) in Kcne2RR but not Kcne2+/+ mouse lung tissue. Scale bars,
20 mm. F) Immunofluorescence detection of Kcne2 protein (green) and Kcnq1 protein (Q1) (red) in Kcne2+/+ mouse lung
tissue. Left, single channel images; right, merged. Scale bar, 10 mm. G) Western immunoblot (IB) of Kcne2 in mouse lung lysate.
H) Anti-Kcnq1 Western IB showing detection of Kcnq1 from mouse lung lysates immunoprecipitated (IP) with anti-Kcne2
antibody. Lanes: 1, lysate; 2, anti-Kcnq1 IP; 3, anti-Kcne2 IP; 4, supernatant after initial bead precipitation from anti-Kcne2 IP.
Kcnq1 bands at MWs corresponding to both the monomeric (60-kD) and the tetrameric (240-kD) forms are visible in the anti-
Kcne2 lane (lane 3). No Kcnq1 was detectable in the supernatant after the Kcne2 IP (lane 4).
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edema, and hemorrhage (Fig. 6C). Consistent with this,
after 2 h of reperfusion, TUNEL-positive cells were
observedwithin the left lungs in both genotypes (allP,
0.001 vs. sham-operated ones). Furthermore, the num-
ber of apoptotic cells was significantly larger in Kcne22/2

lungs compared with their wild-type littermates (P ,
0.01; Fig. 6D).

Effects of Kcne2 deletion on pulmonary
protein phosphorylation post I/R

Consistent with data in Fig. 4, the levels of baseline phos-
phorylation in lung tissue of ERK, p38MAPK, JNK, AKT,
and GSK-3b but not STAT-3 were increased in
sham-treated Kcne22/2 mice (P , 0.05 or P , 0.001)

Figure 3. Kcne2 deletion increases pulmonary damage and inflammatory cytokine production at baseline. A) Lung and blood gas
parameters of Kcne2+/+ and Kcne22/2 mice as indicated. W/D of left lung sections from Kcne2+/+ and Kcne22/2 mice; n = 8–10.
Partial pressure of carbon dioxide (P CO2) values of Kcne2

+/+ and Kcne22/2 mice; n = 6–7. Partial pressure of oxygen (PO2) values
from Kcne2+/+ and Kcne22/2 mice; n = 6–7. Concentration of total oxygen (Ct O2) and concentration of total hemoglobin (CtHb)
values of Kcne2+/+ and Kcne22/2 mice; n = 6–7. B) Upper, effect of Kcne2 deletion on lung histology. Lung tissues were stained
with H&E and examined under a light microscope; n = 4–5 mice/genotype. Scale bar, 5 mm (a); scale bar, 20 mm (b). Lower,
quantification of morphologic evaluation of lung sections of both Kcne2+/+ and Kcne22/2 mice; n = 4–5 mice/genotype. C) Left:
representative micrographs of TUNEL apoptosis assay performed on lung tissue collected from Kcne2+/+ and Kcne22/2 mice.
TUNEL-positive cells were stained green (TUNEL) and nuclei were stained red (DAPI). Arrows indicate TUNEL-positive cells.
Right: graph showing the quantification of TUNEL-positive cells; n = 5 mice each genotype. Scale bar, 20 mm. NS, no difference
between both genotypes. *P , 0.05, **P , 0.01 between genotypes.

9768 Vol. 33 September 2019 ZHOU ET AL.The FASEB Journal x www.fasebj.org

 15306860, 2019, 9, D
ow

nloaded from
 https://faseb.onlinelibrary.w

iley.com
/doi/10.1096/fj.201802519R

 by U
niversity O

f C
alifornia - Irvine, W

iley O
nline L

ibrary on [15/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.fasebj.org


compared with sham-treated Kcne2+/+ mice (Fig. 7). At
the end of 2 h of reperfusion, I/R stimuli led to a signif-
icant elevation of protein phosphorylation; that is, a 3.7-
fold increase in ERK1/2 phosphorylation in Kcne2+/+

lungs (P , 0.001 vs. sham-treated Kcne2+/+ mice; Fig.
7A), a 10-fold increase in p38 MAPK phosphorylation
(P , 0.001; Fig. 7B), a 15-fold increase in JNK phos-
phorylation (P , 0.001; Fig. 7C), and 3.2- and 6-fold
increases in AKT and GSK-3b phosphorylation, re-
spectively (P , 0.001; Fig. 7D, E). We also observed a 2-
fold increase in STAT-3 phosphorylation in Kcne2+/+

lungs post I/R compared with sham-treated Kcne2+/+

lungs (P, 0.001; Fig. 7F).
Kcne2 deletion dramatically impaired the pulmonary

signaling cascade response to IRI. Thus, pulmonary IRI in
Kcne22/2 mice resulted in only a 2.5-fold elevation in
STAT-3 phosphorylation (P , 0.001 vs. sham-treated
Kcne22/2 mice) and a 1.8-fold increase in JNK phosphor-
ylation (P, 0.05). Furthermore,Kcne2 deletion eliminated
the IRI-induced elevation in phosphorylation of p38
MAPK, AKT, or GSK-3b (P . 0.05 vs. sham-treated
Kcne22/2 mice). Most strikingly, we observed a 2.7-fold
decrease in ERK1/2 phosphorylation in Kcne22/2 lungs
post I/R compared with sham-treated Kcne22/2 lungs
(P, 0.001) (Fig. 7A–F).

DISCUSSION

In this first examination of the role of KCNE2 in the
lungs, we found that Kcne2 deletion in mice down-
regulates KCNQ1 and another known partner of KCNE2,
KCNB1 (37). In this and a previous study (33), we readily
detected Kcne2 transcript expression in mouse lung tissues
(verified using knockout tissue as a negative control).

In addition, here, we were able to detect Kcne2 protein in
mouse lungs and verify the specificity of the signal using 2
approaches: Kcne22/2 tissue as a negative control and
Kcne2RR tissue as an additional positive control. KCNQ1 is
expressed in human airway smooth muscle cells and may
play a role in regulating airway diameter (38); Kcnq1
mRNA was also previously detected in epithelial cells lin-
ing the bronchioles (39), and Kcnq1 protein was detected
in tracheal epithelial cells (40) in adult mice. We speculate
that deletion of Kcne2 may perturb the function of pul-
monary KCNQ1-KCNE2 complexes (and we showed
here that Kcne2 deletion results in pulmonary Kcnq1
down-regulation in mice) in epithelial cells lining the
bronchi and bronchioles, perturbing fluid and ion
secretion.

Regulation of ionic currents is crucial to all aspects of
epithelial cell function and physiology and is achieved
primarily by ion channels and transporters. The KCNQ1
Kv channel is essential for thenormal function ofmany cell
types, including both excitable and nonexcitable cells (41).
This raises thequestionofhowavoltage-gated ion channel
activated by membrane depolarization can function ef-
fectively in both excitable and nonexcitable cells. KCNQ1
achieves this versatility largely by interaction with mem-
bers of theKCNE family of single transmembrane domain
ancillary or b subunits (1, 42, 43).

In human cardiac myocytes, KCNQ1 interacts with
KCNE1, generating a b-adrenergic–stimulated, slow-
activating current perfect for facilitating phase 3 repolari-
zation and responding appropriately to increased
demandsduring exercise, for example (44, 45). In contrast,
in epithelial cells of the lower intestine, KCNQ1 interacts
with KCNE3, forming a channel that is constitutively ac-
tive because KCNE3 locks open the KCNQ1 voltage sen-
sor, effectively mimicking membrane depolarization so

Figure 4. Kcne2 deletion increases the production of inflammatory mediators at baseline. A) Mouse TNF-a content in BAL fluids
from Kcne2+/+ and Kcne22/2 mice was determined using ELISA; n = 5–7 mice/genotype. B) IL-6 content in BAL fluids from
Kcne2+/+ and Kcne22/2 mice; n = 6 mice/genotype. C) Total leukocytes were quantitated in BAL fluids from Kcne2+/+ and Kcne22/2

mice; n = 6 mice/genotype. D) Albumin (ALB) levels in plasma from Kcne2+/+ and Kcne22/2 mice; n = 7 mice/genotype. E) ALB in
BAL fluids from Kcne2+/+ and Kcne22/2 mice; n = 7 mice/genotype. F) The ratio of BAL ALB content:plasma albumin content (ALB
B/P) in Kcne2+/+ and Kcne22/2 mice; n = 7 mice/genotype. *P , 0.05, **P , 0.01 between genotypes.
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that the channel can be active at resting membrane po-
tential (46–50). KCNE3 also confers an additionalmode of
sensitivity to PKC and is regulated by estrogen (51, 52).
These properties make KCNQ1-KCNE3 ideal for regu-
lating cAMP-stimulated Cl2 secretion in the intestine.

Kcne1 was previously reported to be absent from epi-
thelial cells lining the tracheaandbronchioles in adultmice
(39, 40), whereas Kcne3 was suggested to regulate Kcnq1
in the tracheal epithelium (40). In agreement with others
(24, 39, 40), we detected Kcnq1, Kcne2, Kcne3, and Kcne4
in mouse lungs, and in addition, we found evidence that
Kcnq1 and Kcne2 coassemble with one another in epi-
thelial cells of the bronchi and bronchioles. Disruption of
lung epithelial Kcnq1-Kcne2 complexes is therefore a
plausible explanation for at least some of the pulmonary
defects we found in Kcne22/2 mice, although it remains

possible that there is also contribution from other aspects
of the multisystem syndrome that arises from Kcne2 de-
letion (including hypothyroidism, atherosclerosis, achlor-
hydria, and nonalcoholic fatty liver disease) (15, 18, 33,
53–55).

We were able to ascertain that Kcne2 is required for
normal lung function in mice, and its deletion perturbs
bloodgases, increasespulmonaryapoptosis, and increases
the presence of inflammatory mediators in BAL fluid and
plasma. Notably, Kcne2 deletion also increased the phos-
phorylation of several proteins in the reperfusion injury
salvage kinase (RISK) protective protein signaling cas-
cade, also indicative of baselinedamage in the lungsdue to
Kcne2deletion. Furthermore,Kcne2deletionprevented the
normal RISK and STAT-3 responses to pulmonary IRI and
increased the levelof IRI to the lungs.This isopposite to the

Figure 5. Kcne2 deletion affects protein activa-
tion at baseline. Left, representative Western
blots of pERK1/2 and tERK1/2 (A), pp38
MAPK and tp38 MAPK (B), pJNK and tJNK
(C), pAKT and tAKT (D), pGSK3b and tGSK3b
(E), and pSTAT-3 and tSTAT-3 (F) from
baseline Kcne2+/+ and Kcne22/2 lungs; 1
mouse/lane. Right, mean ratios of pERK:tERK
(n = 6–7) (A), pp38 MAPK:tp38 MAPK (n = 5)
(B), pJNK:tJNK (n = 5) (C), pAKT:tAKT (n =
7–8) (D), pGSK3b:tGSK3b (n = 5) (E), and
pSTAT-3:tSTAT-3 (n = 5) (F) band densities
from blots as in left. *P , 0.05, **P , 0.01,
***P , 0.001 between genotypes.
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effects of Kcne2 deletion in the context of cardiac IRI in
which Kcne2 deletion preconditions the heart and lessens
the extent of myocardial infarction produced by an im-
posed IRI (56).

As we also found here for Kcne2 protein localization
in mouse lungs, the KCNE2 transcript was previously
detected in human bronchial epithelial cells (30). A
single-nucleotide polymorphism (SNP) upstream of
human KCNE2 (rs9978142) is associated with reduced
pulmonary function (30), as is another SNP close to
KCNE2 (rs973754/rs9982601); both these SNPs are also
associated with increased risk of coronary artery

disease and early myocardial infarction (29, 57, 58).
Although the functional effects that SNPs exert on
KCNE2 are unknown (they are outside the coding re-
gion), there are clear parallels between lung and coro-
nary artery disease occurring both in people with
KCNE2 SNPs and in Kcne22/2 mice (54).

Together with the human population data, our mouse
data support a causal link between disruption of the
KCNE2 gene and altered lung function, with altered re-
sponse to lung IRI (whichcanbecomeespecially important
during lung transplant surgery). Future studies will in-
vestigate the precise mechanisms by which KCNE2

Figure 6. Kcne2 deletion increases pulmonary injury after experimentally imposed pulmonary I/R. A) W/D of left lung sections
from baseline and sham Kcne2+/+ and Kcne22/2 mice; n = 7–10 mice/genotype. NS, no difference between genotypes. B) W/D of
left lung sections from Kcne2+/+ and Kcne22/2 mice post I/R. No difference was found between sham Kcne2+/+ and Kcne22/2 mice
(P . 0.05). *P , 0.05, ***P , 0.001 compared with sham Kcne2+/+ mice; ##P , 0.01 compared with sham Kcne22/2 mice; †P ,
0.05 compared with Kcne2+/+ mice post I/R (by 1-way ANOVA). C) Left: representative histologic H&E-stained micrographs of
lung sections from Kcne2+/+ and Kcne22/2 mice post I/R. Representative of n = 5 mice/genotype. Scale bars, 20 mm. Right:
quantitative morphologic evaluation of pulmonary damage after reperfusion in ischemic left lungs of both genotypes (n = 5
mice/genotype). ***P , 0.001 compared with sham Kcne2+/+ mice; ###P , 0.001 compared with sham Kcne22/2 mice; †††P ,
0.001 compared with Kcne2+/+ mice post I/R (by 1-way ANOVA). D) Left: representative images from TUNEL-stained lung tissue
sections from Kcne2+/+ and Kcne22/2 mice post I/R. Apoptotic nuclei were stained green, and nuclear staining DAPI is shown in
red. Right: bar graph showing numbers of TUNEL-positive nuclei in tissue sections from each group. n = 5–6 hearts in each
group. ***P, 0.001 compared with sham Kcne2+/+ mice; ###P, 0.001 compared with sham Kcne22/2 mice; ††P, 0.01 compared
with Kcne2+/+ mice post I/R (by 1-way ANOVA). Scale bars, 20 mm.
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regulates lung physiology and how its perturbation leads
to pulmonary dysfunction.
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Figure 7. Kcne2 deletion impairs pulmonary
protein phosphorylation post I/R. Left: repre-
sentative Western blots of pERK1/2 and
tERK1/2 (A), pp38 MAPK and tp38 MAPK
(B), pJNK and tJNK (C), pAKT and tAKT (D),
pGSK3b and tGSK3b (E), and pSTAT-3 and
tSTAT-3 (F) in Kcne2+/+ and Kcne22/2 lungs
post I/R injury; 1 mouse/lane. Right: mean
ratio of pERK:tERK (n = 7–8) (A), pp38 MAPK:
tp38 MAPK (n = 5) (B), pJNK/tJNK (n = 5–6)
(C), pAKT/tAKT (n = 5–6) (D), pGSK3b/
tGSK3b (n = 5–9) (E), and pSTAT-3/tSTAT-3
(n = 5) (F) band densities from blots as in left.
*P , 0.05, **P , 0.01, ***P , 0.001 compared
with sham-treated Kcne2+/+ mice; #P , 0.05,
##P , 0.01, ###P , 0.001 compared with sham-
treated Kcne22/2 mice; †P , 0.05, ††P , 0.01,
†††P , 0.001 compared with Kcne2+/+ mice post
I/R (by 1-way ANOVA).
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