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Abstract

Large-conductance, calcium-activated, and voltage-gated K1 (BK)
channels are expressed in many tissues of the human body, where
they play important roles in signaling not only in excitable but also in
nonexcitable cells. Because BK channel properties are rendered in
part by their association with four b and four g subunits, their
channel function can differ drastically, depending on in which
cellular system they are expressed. Recent studies verify the
importance of apically expressed BK channels for airway surface

liquid homeostasis and therefore of their significant role in
mucociliary clearance. Here, we review evidence that inflammatory
cytokines, which contribute to airway diseases, can lead to reduced
BK activity via a functional down-regulation of the g regulatory
subunit LRRC26. Therefore, manipulation of LRRC26 and
pharmacological openingofBKchannels represent twonovel concepts
of targeting epithelial dysfunction in inflammatory airway diseases.
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The large conductance, calcium-activated,
and voltage-gated K1 channel is a member
of the voltage-gated K1 (Kv) channel
superfamily (1). Even though usually called
BK channels, they are also known as
MaxiK, Slo1, or KCa1.1 and are found in
many different tissues in the human body
(2, 3). These channels are unique not only
because of their large single-channel
conductance, but also because of their
activation pattern: they can be opened by
either a rise in cytoplasmic Ca21 ([Ca21]i),
by membrane depolarization, or by a
combination of both, acting in a synergistic
manner (4). On opening, K1 follows its
electrochemical gradient, thereby leading
to K1 efflux and subsequent
hyperpolarization of the membrane.

This review briefly describes BK
channel structure but focuses mainly on

BK’s recently discovered role in airway
surface liquid (ASL) homeostasis and
therefore mucociliary clearance (MCC), an
important innate host defense mechanism
(5, 6). The function of the BK channel in
the airway epithelium expands some of the
previously recognized basic principles of
ASL volume regulation.

Structure of BK Channels

BK channels are located on various cell
membranes, including the plasma
membrane as well as the mitochondrial and
the nuclear membranes (3). The KCNMA1
or SLO1 gene encodes the pore-forming
a subunit of the BK channel, which also
senses Ca212 and voltage changes and
therefore plays a key role in mediating pore

opening (2, 3). The a subunit assembles as
a homotetramer and contains four major
domains: the voltage-sensing domain
(VSD), the cytosolic domain, the
extracellular domain, and the pore-gate
domain (PGD) (7) (Figure 1). Each a
subunit has seven transmembrane segments
(S0–S6) and an extracellular N-terminus.
The S1–S4 segments contain charged
residues, especially in the S4 region, that
sense the transmembrane voltage and make
up the VSD. The pore is lined by the S5–S6
segments, which are part of the PGD.
Although the S1–S6 segments are similar to
the ones found in other Kv channels, the S0
is unique in that it gives rise to an
extracellular N-terminus. Depolarization of
the membrane potential initiates a
multistep process. The activation of the
VSD leads to interactions between
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segments of the VSD and the PGD, which
results in conformational changes of the
pore domain. However, PGD opening can
occur by Ca21 binding at the cytosolic domain,
even when the VSD is in its resting state (8).

The extracellular domain is important
for interactions with the b1 subunit (1) and
possibly the g subunits. In fact, there are
four b subunits (b1–4) and four g subunits
composed of proteins of the leucine-rich
repeat-containing (LRRC) proteins. They
are LRRC26, 38, 52, and 55 (9, 10). The
conformation of the four b subunits is
similar. They have two transmembrane
segments, a large extracellular loop, and a
short cytosolic terminus. Recent studies
suggest that the two transmembrane
segments are located in the cleft between
two a subunits, close to the S0 and S1
segments, whereas the extracellular loop
extends over the pore (8). The localization
of the g subunits is not well understood,
although studies suggest them to be
positioned in the cleft between the VSDs of
two a subunits. These subunits can have

regulatory and modulatory functions and
coassemble with the tetrameric a subunit
complex.

b subunits can influence the BK
channel kinetics and gating behavior.
Because they are expressed in a tissue-
specific manner, BK channels can depict
particular characteristics in different
tissues. The b1, 2, and 4 subunits can
enhance channel activity by stabilizing the
VSD in an active conformational state (3),
whereas some of them can also have
inhibitory effects depending on their
assembly with other specific subunits. The
b2 (dual effects; see Reference 3) and b3
subunits can inhibit K1

flux via membrane
hyperpolarization and a physical
interaction with the pore (3). The b4
subunit can have different effects
depending on [Ca21]i: b4 appears to
decrease channel activation when [Ca21]i is
low and increase it when [Ca21]i is high (3).

To make matters even more complex,
four g subunits have now been identified.
These are all LRRC proteins that have

similar molecular weights of around 35 kD.
They shift the voltage dependence of BK
channel activation toward membrane
potentials found in nonexcitatory cells. The
largest shift is conferred by LRRC26 (2).
They can also shift the [Ca21]i requirement
for BK opening to lower levels. LRRC
proteins contain a single transmembrane
domain, an N-terminal extracellular
leucine-rich repeat domain, and a short
C-terminal tail. For proper localization to
the membrane, especially of the N-terminal
extracellular domain, LRRC26 requires
cleavage of its plasma membrane targeting
signal peptide. Mutations in the sequence
of the signaling peptide result in the loss of
the regulatory function of the g subunit (8),
indicating that the extracellular domain is
important for LRRC proteins’ function.
However, LRRC proteins’ exact interactions
with the a subunit and the mechanisms
of channel regulation are still poorly
understood (2).

In addition, there are at least 10
different splice sites in the KCNMA1
gene that result in variants with diverse
functions as recognized by changes in Ca21

sensitivity and/or voltage, responses to
phosphorylation, and membrane
expression (3).

Regulation of BK
Channel Activity

Modulation of BK channel activity occurs
via direct interactions with endogenous
and exogenous factors or molecules, usually
with the a subunit or less commonly by
changing the expression of b subunits (11).
BK channel inhibitors are commonly from
scorpion venom: peptides such as
charybdotoxin, iberiotoxin, slotoxin, and
martentoxin can modulate BK channel
properties and have been used extensively
to identify and characterize the channel
(11). On the other hand, arachidonic acids;
nitric oxide; high intracellular H1; zinc;
protein kinase A, C, and G; and Ca21 MKII
are endogenous activators (12).

BK mutations, commonly associated
with loss of function, have been associated
with diseases such as asthma, epilepsy,
hypertension, cardiac hypertrophy, urinary
incontinence, and erectile dysfunction (1,
12, 13). Therefore, using BK channel
activation as an antiepileptic strategy and as
a protection against cardiac reperfusion
injury was a logical development made on
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Figure 1. (A) Schematic of the structure of the BK channel (adapted from structural depictions of the
BK channel). The a subunit consists of seven transmembrane segments, which form the voltage
sensor domain (VSD) (S1–4, green) and the pore-gate domain (S5–6, blue). The two “regulators of K1

conductance” domains (also known as cytosolic domains) have Ca21-binding regions (yellow) and
play a role in the channel’s Ca21 ion-sensing properties. The S0 segment (red ) affects VSD activation.
b subunits have two transmembrane segments (orange) and a long extracellular loop. The leucine-
rich repeat-containing (LRRC) proteins (purple), also known as g subunits, contain a single
transmembrane segment with an extracellular leucine-rich repeat motif. We have shown that LRRC26
modulates BK channel activation in airway epithelial cells (21). (B) Hypothetical spatial representation
of the BK channel. The four a subunits form a homotetramer with a central pore. The auxiliary b- and
g subunits are found in the cleft of two adjacent a subunits and regulate BK channel opening.
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the basis of promising preclinical findings.
Unfortunately, only a few studies were
moved to human trials, partially because of
the poor selectivity of compounds and
extensive off-target effects (reviewed in
Reference 12).

Importance of BK Channels for
Mucociliary Function in
the Airways

MCC plays a key role in the defense against
destructive agents or microbes in the
airways. The epithelium maintains an
approximately 7-mm–high periciliary layer
that allows effective ciliary beating to
remove mucus from the airways (14–16).
ASL maintains this layer and is also
required to hydrate mucus. ASL depletion
leads to mucociliary dysfunction, as
exemplified by cystic fibrosis (CF) as a
severe case and chronic bronchitis as a less
severe case. Water availability in the
airways is regulated by transepithelial ion
transport. Apical Cl2 secretion and Na1

absorption play critical roles in ASL volume
homeostasis (17). Although Na1

absorption occurs through the epithelial
sodium channel, thereby leading to water
absorption, both cystic fibrosis
transmembrane conductance regulator
(CFTR) and calcium-activated chloride

channels (CaCC) secrete chloride to make
more water available if an appropriate
electrochemical gradient for Cl2 exit exists.
Basolaterally expressed cAMP-dependent
potassium channels participate in creating
this gradient for CFTR (18), but whether
other K1 channels contribute as well,
especially at the apical side and particularly
to create an apical gradient for Cl2 exit
through CaCC, has been debated.

Apical potassium channels have been
identified previously, but these belong
mainly to the cAMP-activated group (19).
We recently described the presence of BK
channels that are functional at the apical
membrane of airway epithelial cells and
play important roles in creating the
electrochemical gradient necessary for Cl2

secretion, at least through CaCC and maybe
even through CFTR (20, 21) (Figure 2).

We found that BK channels were
expressed in freshly isolated cells as well as
in air– liquid interface cultured normal
human bronchial epithelial (NHBE) cells by
quantitative polymerase chain reaction
(qPCR). The a subunit and the b2 and b4
regulatory subunits were expressed
abundantly, whereas the b3 subunit levels
were low, and the b1 subunit expression
was low to undetectable. We also described
single-channel currents in inside-out
patches of trypsinized NHBE cells, with
voltage-dependent, high K1 conductance in

agreement with the properties expected for
BK channels. These currents were sensitive
to the BK channel inhibitor paxilline.
Ussing chamber experiments using
basolaterally permeabilized NHBE cells
exposed to a serosal to mucosal K1 gradient
supported the presence of BK channels at
the apical, but not the basolateral,
membrane (20).

The exact cell type expressing BK in the
airway epithelium remains unknown.
However, the loop current created by them
(see discussion below) suggests that the most
probable cell type is the ciliated cell. This
is supported by electrophysiological data
showing that patch clamp currents from
ciliated cells were consistent with BK
channels (20). In addition, LRRC26 and
KCNMA1 messenger RNA (mRNA)
expressions during differentiation at the
air–liquid interface sharply increase at the
time when ciliation occurs (our
unpublished results). Thus, basal cells likely
do not express functional BK channels, and
their expression in goblet cells, if present,
is lower than in ciliated cells (Figure 2).

There are several lines of evidence that
apical BK channels are important for ASL
homeostasis. First, modeling of apical K1

secretion shows that the exit of K1

facilitates Cl2 efflux up to threefold (20).
K1 exit hyperpolarizes the apical
membrane and increases the driving force

P2Y2

Na CI

Mucociliary
Clearance intact

Mucociliary
Clearance fails

CBF ↑

C
aC

C

B
K

Ca2+ ↑ Ca2+ ↑

C
F

T
R

K

LR
R

C
26

LR
R

C
26

CI ASL ↑

CBF ↓

ASL ↓ATP Na CI K CIATP

E
N

aC

IFN γ or
TGF-β

C
aC

C

B
K

C
F

T
R

E
N

aC

P2Y2

Figure 2. Apical regulation of ion fluxes to control airway surface liquid (ASL) volume. (Left panel) Normal situation with ATP stimulation of P2Y2 receptors.
[Ca21]i increases stimulate the opening of calcium-activated chloride channels (CaCC) and BK channels. BK channels can only open in these cells
because of the presence of the g regulatory subunit LRCC26. Potassium secretion creates an apical loop current that facilitates Cl2 secretion through
both CFTR and CaCC channels. The ENaC current is low. (Right panel) When inflammation reduces apical availability of LRRC26, BK channels can
no longer open. Cl2 secretion is reduced, ENaC currents are now increasing and consequently, ASL volume decreases. CBF = ciliary beat frequency;
CFTR = cystic fibrosis transmembrane conductance regulator; ENaC = epithelial sodium channel; LRRC = leucine-rich repeat-containing; TGF =
transforming growth factor
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for Cl2 secretion by acting as its counter
ion. This creates a short circuit loop
favoring airway surface hydration.
Interestingly, the modeled [K1] in the ASL
reached about 25–30 mM, which is in the
range measured in the ASL in a mouse
model (19). The latter may not be
precisely representative of human tissues,
because BK activity in the murine airway
seems to be regulated differently compared
with human airways, as outlined below.

Because BK channels are activated
by increases in [Ca21]i, one would assume
that these channels mainly create an
electrochemical gradient for CaCC
channels. However, the long-term
inhibition of BK channels with antagonists
(paxillin for 48 h) or the knockdown of
the BK a-subunit KCNMA1, lead to
airway surface dehydration and thereby
periciliary fluid collapse, as revealed by
low ciliary beat frequency (20). Thus,
BK channels seem critical for adequate
ASL volume maintenance and thus MCC
(20, 21), possibly for both CaCC and CFTR.

Except for LRRC26, other g subunits
were not expressed at relevant levels in
airway epithelial cells by qPCR (Reference
21 and our unpublished data). We could
demonstrate that IFNg and transforming
growth factor (TGF)-b1 down-regulated
LRRC26 without affecting the surface
availability of the BK a subunits (21, 22).
Not surprisingly, overall BK function was
therefore decreased, which was associated
with ASL volume loss (21, 22). These
results suggest that LRRC26 is indirectly an
important regulator of ASL homeostasis via
modulating BK’s ability to regulate ASL
volume.

Interestingly, expression of LRRC26
seems to follow a different pattern in the
mouse: there, it is expressed in club cells
early in development and disappears from
the peripheral airways during development.
Furthermore, it is expressed in a Notch-
dependent fashion favoring the
development of goblet cells (23). In the
adult mouse, LRRC26 is present only
proximally and not in the peripheral
airways (23). In the human airway, LRRC26
is expressed in the entire tracheobronchial
system, as shown by qPCR. In Ussing
chamber experiments with primary human
airway epithelial cells, BK function was
invariably and directly related to LRRC26
expression, as measured by qPCR.
Furthermore, human airways contain few
club cells. Therefore and except for the

trachea, the murine airway may not be a
good model for human airways for studying
ASL volume homeostasis that depends on
BK activity, specifically concerning
LRRC26. Possibly, additional g subunits
play a role there. Other murine models
show similar conflicting results when
compared with human airways. These
include the CFTR knock-out mouse, which
does not develop lung disease (24–26),
likely because of high expression of CaCC.
Another example is the primary ciliary
dyskinesia mouse, which reveals sinus but
no lung disease (27).

Changes in BK Activity in
Response to IFNg

IFNg is an important cytokine for immune
defense but also contributes to
inflammation and has been associated with
airway diseases such as asthma (28–30) and
chronic obstructive pulmonary disease
(31, 32). Because BK plays a major role in
mucociliary dysfunction, we examined the
effect of IFNg on BK activity. Indeed, IFNg
suppressed apical BK activity and caused
a decrease in ciliary beat frequency that
was consistent with ASL volume depletion
(21, 33).

Although real-time quantification
showed a statistically significant decrease in
KCNMA1 mRNA levels in IFNg-treated
samples, total protein expression,
normalized to b-actin, was not significantly
changed in Western blots. The b3 subunit
did not show a statistically significant
difference on IFNg treatment. On the other
hand, b2 was increased, and b4 decreased,
by qPCR. However, these modulations do
not explain the BK dysfunction after IFNg
exposure. Therefore, surface expression of
the pore-forming subunit was assessed,
and the results suggested that surface
availability of the BK a subunit was not
changed (21).

Finally, the function of LRRC26 was
evaluated. We used the property of
mallotoxin, a special BK opener (34),
because mallotoxin only opens BK in the
absence of LRRC26 (35). In fact, IFNg
reduced LRRC26 mRNA expression and
increased the sensitivity to mallotoxin in
our experiments. This is consistent with the
hypothesis that IFNg induces a decrease in
LRRC26’s association with BK, thereby
contributing to decreased BK activity in
airway epithelial cells.

Effect of TGF-b1 on BK
Channel Activity and Airway
Surface Liquid in CF Cells

TGF-b has been identified as a disease
modifier in CF (36). Increased production
of TGF-b1 is common in CF airways,
especially during exacerbations, and has
been associated with worse pulmonary
outcome (37, 38). We therefore tested the
effects of TGF-b1 on ASL volume in CF
cells from patients homozygous for
DF508 (22). We found that, as with IFNg,
TGF-b1 indeed caused ASL depletion by
inhibiting BK activity (22). ASL volume
reduction could also be achieved in these
CF cells by LRRC26 knockdown. On the
other hand, LRRC26 overexpression
rescued TGF-b1–induced ASL volume
reduction. Finally, TGF-b1–mediated ASL
hyperabsorption could be reversed by the
BK opener mallotoxin. Perhaps clinically
most important, the TGF-b signaling
inhibitor pirfenidone, used in practice for
slowing down lung function deterioration
in patients with interstitial fibrosis,
increased BK activity via rescue of LRRC26
and also rescued ASL volume despite the
presence of TGF-b1 (22).

Clinical Implications

Currently, there are no in vivo studies
assessing the role of BK in regulating MCC
in health and disease. On the other hand, a
good correlation between preclinical data
on ASL volume regulation using human
air–liquid interface cultures and clinical
outcome was reported in patients with CF
(39, 40). In cells from patients with the
G551D mutation, ASL volume was reduced
in vitro but could be rescued with ivacaftor
to an extent similar to that seen with in vivo
therapy (10% FEV1 improvement). The
same was true for inhaled hypertonic saline
(3% FEV1 improvement). These data
suggest that BK channel dysfunction could
have major implications for in vivo ASL
volume homeostasis.

Conclusions

BK channels are expressed ubiquitously and
play multiple roles in different cellular
systems. One of the more novel findings is
that BK channels are important regulators
of ASL volume homeostasis. When
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inflammatory states in the airway are
simulated, for instance with IFNg or
TGF-b1, BK activity is reduced and with it,
ASL volume. The mechanism seems to be
related to a functional down-regulation of
the g regulatory subunit LRRC26
(Figure 2). Further examinations are
needed to assess how LRRC26 is down-
regulated and whether other inflammatory
cytokines have the same effect. Finally, the
BK channel and LRRC26 may be amenable
to therapeutic interventions. There is at
least one BK activator that is still in clinical
trials for asthma. In addition, the carbon

anhydrase inhibitor acetazolamide has been
shown to open BK channels with beneficial
effects in animal models (41–43). There
has been at least one study with inhaled
acetazolamide, showing that it could be
inhaled safely as well (44). Therefore,
exploring acetazolamide may be an
interesting avenue, unless systemic side
effects will be prohibitive. In addition,
antiinflammatory therapy may rescue
LRRC26 function in inflammatory states.
One example is the use of pirfenidone in
states with elevated TGF-b 1. Furthermore,
molecules could be screened for their

ability to increase LRRC26’s interaction
with BK if LRRC26 association with BK
channels is confirmed to be critical for the
maintenance of ASL volume. This concept
would represent a novel therapeutic
strategy to rescue ASL volume in disease
states in which expression levels of LRRC26
are reduced. n
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