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In epithelia, the intermediate conductance, Ca2+-activated K+ channel (KCa3.1) is

targeted to the basolateral membrane (BLM) where this channel plays numerous roles

in absorption and secretion. A growing body of research suggests that the membrane

resident population of KCa3.1 may be critical in clinical manifestation of diseases. In this

study, we investigated the key molecular components that regulate the degradation of

KCa3.1 using a Fisher rat thyroid cell line stably expressing KCa3.1. Using immunoblot,

Ussing chamber, and pharmacological approaches, we demonstrated that KCa3.1 is

targeted exclusively to the BLM, provided a complete time course of degradation of

KCa3.1 and degradation time courses of the channel in the presence of pharmacological

inhibitors of ubiquitylation and deubiquitylation to advance our understanding of the

retrograde trafficking of KCa3.1. We provide a complete degradation profile of KCa3.1

and that the degradation is via an ubiquitin-dependent pathway. Inhibition of E1 ubiquitin

activating enzyme by UBEI-41 crippled the ability of the cells to internalize the channel,

shown by the increased BLM surface expression resulting in an increased function of the

channel as measured by a DCEBIO sensitive K+ current. Additionally, the involvement of

deubiquitylases and degradation by the lysosome were also confirmed by treating the

cells with PR-619 or leupeptin/pepstatin, respectively; which significantly decreased the

degradation rate of membrane KCa3.1. Additionally, we provided the first evidence that

KCa3.1 channels were not deubiquitylated at the BLM. These data further define the

retrograde trafficking of KCa3.1, and may provide an avenue for therapeutic approach

for treatment of disease.
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INTRODUCTION

The intermediate-conductance, Ca2+-activated K+ channel, KCa3.1 (KCNN4), was first described
as a channel of predominately epithelial tissues (Ishii et al., 1997; Joiner et al., 1997; Logsdon et al.,
1997). Now, however, KCa3.1 has been demonstrated in a range of tissues including endothelia,
nervous, and smooth and cardiac muscle tissues with numerous cellular functions (Neylon et al.,
1994, 1999, 2004; Köhler et al., 2000; Chachi et al., 2013; Weisbrod et al., 2013; Turner et al.,
2015). With respect to epithelia, KCa3.1 was first described in the basolateral membrane (BLM)
of epithelial cells with electrophysiological and pharmacological approaches (McCann and Welsh,
1990; Devor and Frizzell, 1993; Hamilton et al., 1999; Hamilton and Keissling, 2006). KCa3.1 has
numerous cellular functions, of which, one is that the activity of basolateral KCa3.1 leads to a
hyperpolarization of the cellular membrane potential, thus, providing a driving force for ion and
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fluid transport across the epithelial cell (e.g., Cl− secretion and
Na+ absorption; Balut et al., 2012; Devor et al., 2016).

A growing body of evidence suggests that the membrane
surface KCa3.1 may be crucial in clinical manifestation of
diseases. For example, in ulcerative colitis (UC), the number of
KCa3.1 channels present at the plasma membrane is reduced
while membrane KCa3.1 channels are increased in polycystic
kidney disease (PKD) resulting in increased fluid in patients
with PKD (Albaqumi et al., 2008; Al-Hazza et al., 2012).
Recently, Rapetti-Mauss et al. (2015) and others (Andolfo
et al., 2015; Glogowska et al., 2015) identified specific “gain of
function” mutations of KCa3.1 that are associated with chronic
hemolysis (hereditary xenocytosis) characterized by red blood
cell dehydration and osmotic fragility. These were the first reports
of a human disease attributed directly to a mutation in KCa3.1.

Clearly, understanding how one can modify/modulate the
membrane population of KCa3.1 can alter physiological function.
Therefore, in light of these clinical examples, a thorough
understanding of the trafficking of KCa3.1 to (e.g., anterograde)
and from (e.g., retrograde) the plasma membrane remains
crucial.

In the past, specific leucines of the leucine zipper motifs
of the C- and N termini of KCa3.1 have been mutated
to alanine resulting in altered assembly and trafficking of
the channel to the plasma membrane of human epithelial
kidney (HEK293) cells (Syme et al., 2003; Jones et al., 2004,
2005). Additionally, Balut et al. (2010a), using a novel-tagged
channel approach reported, in non-polarized HEK293 cells,
that KCa3.1 was endocytosed from the plasma membrane in
<90 min and targeted, via a Rab7-ESCRT (endosomal sorting
complexes required for transport)-dependent mechanism, for
degradation by the lysosome. Subsequently, Balut et al.
(2011) demonstrated that KCa3.1 was mildly ubiquitylated
at the plasma membrane and polyubiquitylated following
endocytosis and targeted to the lysosome where upon UPS8
(ubiquitinin specific protease) altered the final rate of delivery
to the lysosome by deubiquitylating KCa3.1 prior to its
degradation.

These past studies have examined the trafficking of KCa3.1
in non-polarized epithelia. However, at present, there still is a
significant gap in our understanding of the trafficking of KCa3.1
in polarized epithelial cells. Bertuccio et al. (2014) reported that
anterograde trafficking and maintenance of KCa3.1 at the BLM
of polarized epithelial cells were dependent upon Rab1 and
Rab8. Recently, we demonstrated that the targeting of KCa3.1
to the BLM of epithelial cells was a cytoskeletal- and myosin-
Vc-dependent process (Farquhar et al., 2017). Further, Bertuccio
et al. (2014) have confirmed in polarized epithelia that the KCa3.1
was ubiquitylated prior to and after endocytosis, inhibition of
ubiquitylation reduced degradation, and that the trafficking of
KCa3.1 was independent of recycling endosomes, and did not
require the AP-1 adaptor protein, µ1B for proper trafficking
(Bertuccio et al., 2014).

The aim of our study was to further examine, using a
pharmacological approach, the time course of degradation of
KCa3.1, to ascertain whether modulation of ubiquitylation and
deubiquitylation alters the physiological function of KCa3.1 at

the BLM and/or the post-endocytic degradation of KCa3.1 of
polarized epithelial cells.

MATERIALS AND METHODS

Molecular Biology
The biotin ligase acceptor peptide (BLAP) sequence
(GLNDIFEAQKIEWHE) was inserted into the extracellular
loop of KCa3.1 between the transmembrane domains S3 and
S4 as previously described (Balut et al., 2010a; Gao et al., 2010;
Farquhar et al., 2017). KCa3.1-BLAP and BirA (biotin ligase)
with an endoplasmic reticulum (ER) retention sequence, KDEL
(kindly provided by Dr. Alice Ting, Massachusetts Institute
of Technology, Cambridge, MA, Chen et al., 2005; Howarth
and Ting, 2008), were subcloned into a bicistronic plasmid,
pBudCE4.1 (Invitrogen, Carlsbad, CA, USA) behind the EF-1α
and CMV promoters, respectively (Balut et al., 2010a,b, 2011;
Gao et al., 2010).

Cell Culture and Fischer Thyroid Rat Cell
Line Stably KCa3.1-BLAP and BirA-KDEL
Fischer rat thyroid (FRT) cells were used as a cell model
of a polarized epithelium (Zurzolo et al., 1991). A stable
FRT cell line was generated by transfecting in the bicistronic
plasmid expressing both KCa3.1-BLAP and BirA-KDEL into
FRT cells using Lipofectamine 2000 (Invitrogen) following the
manufacturer’s instructions and selecting a stable cell line using
zeocin (850µg/ml; Winter et al., 2011). We have previously
demonstrated that insertion of the BLAP sequence into KCa3.1
did not affect the Ca2+ sensitivity, activation by DCEBIO, or the
inhibition by clotrimazole (Gao et al., 2010). Both untransfected
FRT and the KCa3.1-BLAP + BirA-KDEL FRT cell lines were
cultured in Nutrient Mixture F-12 (Ham’s F-12; Invitrogen)
at a pH of 7.4, followed by the addition of 10% fetal bovine
serum and 1% penicillin–streptomycin. Cells were grown in
25 mm2 flasks (NUNC, ThermoFisher Scientific, Waltham,
MA, USA) and incubated in a humidified 5% CO2, 95% O2

incubator at 37◦C. For all experiments, untransfected and stably
expressing cells were grown (72 h) on TranswellTM or SnapwellTM

permeable support filters (Corning, NY) to establish a polarized
epithelium and allowing access to both apical and basolateral
sides of the epithelium. All experiments were conducted with
cells from passage numbers 10–20 for this study. The University
of Otago Institutional Biological Safety Committee approved all
experimental protocols and the molecular biological techniques
used in this study.

Biotinylation and Streptavidin Labeling of
KCa3.1-BLAP
Within the stable KCa3.1-BLAP BirA-KDEL cell line, the BirA-
KDEL is retained within the ER. Therefore, after assembled,
KCa3.1-BLAP is biotinylated in the ER prior to being trafficked
out to the plasma membrane. Streptavidin labeling of surface
KCa3.1-BLAP was performed as we have previously described
(Balut et al., 2010a; Gao et al., 2010; Bertuccio et al., 2014;
Farquhar et al., 2017). Briefly, upon reaching confluence (72
h after cell seeding), cells were taken out of the incubator for
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labeling; all procedures and solutions were maintained at 4◦C to
prevent channel internalization. Cells were first washed with 2 ml
of 4◦C PBS with 1% bovine serum albumin (BSA) on both apical
and basolateral sides of the permeable support filter to eliminate
residual media. Since streptavidin is cell impermeable, the cells
were labeled by applying streptavidin (10µg/ml of streptavidin
in PBS with 1% BSA) on the desired side (apical or basolateral,
or both) for 30 min at 4◦C. After labeling, cells were washed
three times with PBS with 1% BSA and three times with PBS to
eliminate residue streptavidin and incubated for various periods
of time at 37◦C as indicated in the text (Balut et al., 2010a;
Bertuccio et al., 2014; Farquhar et al., 2017). Generally, for a given
experiment, stably transfected FRT cells were grown on filters
for 72 h, channels were labeled basolaterally with streptavidin
followed by immediate lysis of cells for t = 0, or filters were
returned to the incubator for varying incubation times (1, 3, 5,
8, or 12 h in 37◦C) in the presence of a pharmacological inhibitor
followed by IB.

Immunoblot Experiments
Immunoblot (IB) experiments were performed as described
previously (Jones et al., 2004, 2007; Balut et al., 2010a,b; Gao
et al., 2010; Bertuccio et al., 2014; Farquhar et al., 2017). Briefly,
cells were lysed and protein concentrations were determined
by the BCA protein assay (Walker, 1994). Equal amounts of
protein (30µg) were loaded into wells of a gel (6 or 8%)
and protein standard (8µl) used (BenchMarkTM pre-stained
protein ladder; Invitrogen, Cat No. 10748-010) and resolved
with SDS-PAGE for 150 mV for 90min (Hoefer Mighty Small
II system, Cat. No. 80-6149-35, Amersham Biosciences Corp.
Piscataway, NJ, USA). Proteins were transferred (50 V, 2 h) with
a semi-dry transfer unit (Hoefer, EPS 2A200) to polyvinylidene
difluoride (PVDF) membranes for further IB analysis with
α-streptavidin antibody. Proteins bands were visualized by
enhanced chemiluminescence detection (Lumilight, Roche, Basel
Switzerland). Blots were probed for β-actin as a protein loading
control. The bands obtained from immunoblot analysis were
quantified by densitometry, using the GS-700 densitometer (Bio-
Rad) and the Quantity One programme (BioRad laboratories).
The obtained band intensities for the various time points were
normalized to β-actin and then compared relative to the intensity
at time 0 (t = 0) and reported.

Antibodies
Polyclonal rabbit α-streptavidin IgG antibody (1:2,000,
Genscript, Piscataway, NJ, USA) was used to detect streptavidin-
labeled membrane bound KCa3.1-BLAP. Mouse monoclonal
β-actin IgG antibody (1:10,000, Sigma-Aldrich, New Zealand)
was used to detect β-actin for the immunoblot experiments.
Secondary antibodies used included goat anti-rabbit conjugated
to horseradish peroxidase (HRP; 1:2,000, GE Life Science,
New Zealand) and HRP conjugated goat anti-mouse antibody
(1:2,000, Sigma-Aldrich).

Ussing Chamber Experiments
Ussing chamber experiments were conducted to examine the
effect of inhibitors on the functional expression of KCa3.1, as

measured as K+ currents (IK). IK was measured by a VCC
MC Ussing chamber system that consisted of an Easymount
chamber system and an 8-channel voltage/current clamp unit
(Physiologic Instruments, San Diego, CA, USA) as previously
described (Farquhar et al., 2017). FRT cells were grown on
SnapwellTM filters for 3–5 days prior to an experiment and
exposed to an inhibitor for X h (mucosa, m and serosal, s)
prior to the experiments (details are stated in the text). Once a
filter was mounted into a chamber, the apical (muosal) surface
of the monolayer was bathed in a solution containing (inmM)
145 potassium gluconate, 10 HEPES, 1 MgCl, 4 CaCl2, and
10 glucose (pH 7.4) and the basolateral (serosal) surface was
bathed in a solution containing (inmM) 140 sodium gluconate,
5 potassium gluconate, 10 HEPES, 1 MgCl, 4 CaCl2, and 10
glucose (pH of 7.4). All solutions were maintained at 37◦C.
The CaCl2 was increased from the normal 1.2 to 4mM to
compensate for the Ca2+-buffering capacity of the gluconate
anion (Durham, 1983). To assess the effect of drugs on the
targeting of KCa3.1 to the BLM, IK via KCa3.1 was measured
which consisted of stimulation of KCa3.1 with the addition
of DCEBIO (100µM, m and s), a KCa3.1 specific activator
(Singh et al., 2001), and inhibiting the KCa3.1 stimulated
current by the addition of clotrimazole (10µM, m and s;
Devor et al., 1997). Therefore, using the combination of
DCEBIO and clotrimazole allowed the determination of the
effect of inhibitors on the targeting of KCa3.1 to the BLM
as measured by IK. Stably-transfected FRT cells not incubated
with inhibitors served as positive controls while wild-type non-
transfected FRT cells served as negative controls for the Ussing
experiments.

Chemicals
All chemicals were purchased from Sigma-Aldrich, unless
otherwise stated. PR-619 was purchased from Life Sensors
(Malvern, PA). UBEI-41 was purchased from BioGenova
(Potomac, MD). DMSO was used as a vehicle for DCEBIO,
clotrimazole, UBEI-41, and PR-619.

Statistical Analyses
The density data of the immunoblots were analyzed by
the programs Excel 2007 (Microsoft, Redmond, WA, USA)
and Prism 5 (Graph Pad Software, La Jolla, CA, USA). To
compare the normalized values of the IB band intensities,
statistical analysis was performed using the non-parametric
Kruskal–Wallis test followed by a with Dunn’s post-test. For
the Ussing chamber experiments, the recorded traces were
analyzed by the program Excel 2007 (Microsoft). Student’s
unpaired t-test was used to compare control and the UBEI-
41 treated samples of the same time point, for example. One-
way ANOVA with a Dunnett’s post-test was conducted for the
comparison of multiple time points. All data are presented as
means ± standard error of the mean (S.E.M.) and where n
indicates the number of experiments from different passages
of cells. Values of P ≤ 0.05 were considered statistically
significant. All experiments were repeated fromdifferent passages
of cell at least three times to ensure the fidelity of the
results.
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FIGURE 1 | Membrane location of KCa3.1-BLAP stably expressed in FRT

cells. The sidedness experiments confirm the expression pattern of KCa3.1 on

the basolateral membrane of FRT cells. FRT cells with KCa3.1-BLAP were

grown on TranswellTM filter inserts to form a monolayer, and then labeled with

streptavidin in the apical, basolateral, or both sides of the filter insert. Bands

were only observed in the samples that were labeled basolaterally near the 82

kD mark. Lane 1: untransfected FRT, Lane 2: KCa3.1-BLAP + Apical

streptavidin labeling, Lane 3: KCa3.1 + Basolateral streptavidin labeling, Lane

4: KCa3.1 + Apical and Basolateral streptavidin labeling. Each lane was

loaded with 30 µg of protein and β-actin was used as a loading control (n = 5).

RESULTS

Membrane Location of KCa3.1 and Time
Course of Degradation of KCa3.1
Initially, we confirmed the membrane location of the KCa3.1-
BLAP channel of our stably transfected FRT cell line. As seen
in Figure 1, KCa3.1 was highly expressed in the BLM of the
polarized epithelial cells (n = 5). These results confirm previous
findings of Bertuccio et al. (2014) and Farquhar et al. (2017).

The time course of degradation of KCa3.1 differs widely
depending upon epithelial cell types as the half-life of KCa3.1
in heterologous expression systems (HEK293 cells, MDCK cells,
and Caco-2 cells) varies between 3 and 16 h with cells grown
on plastic or permeable supports (Jones et al., 2004, 2005; Gao
et al., 2008, 2010; Balut et al., 2010b). Recently, it was reported
that the time course of degradation of KCa3.1 was ∼3 h for
FRT polarized cells (Bertuccio et al., 2014). Here, we confirm
those findings to establish a control time course data set that was
used to compare experimental results for inhibitors of retrograde
of KCa3.1 (sections presented below). It should be noted that
even though the channels were labeled at the BLM, the protein
expression level derived from the IB at t = 0 h is only labeled
basolateral surface membrane channels. As exhibited in Figure 2,
KCa3.1-BLAP was significantly (P ≤ 0.05) degraded over 12 h of
incubation with a channel half-life of ∼3 h and only 4 ± 2% of
the originally labeled channel remained within the cell after 12 h
(P ≤ 0.05, n= 8).

Ubiquitylation of KCa3.1 in a Polarized
Epithelium
Many surface membrane proteins require ubiquitylation prior
to endocytosis (Rotin and Staub, 2011; Neutzner and Neutzner,
2012). Indeed, Balut et al. (2011) and Bertuccio et al. (2014)
reported that KCa3.1, expressed in non-polarized HEK293
cells or polarized Caco-2 cells, was ubiquitylated at the
plasma membrane and further polyubiquitylation occurred after
endocytosis. To determine whether KCa3.1 is ubiquitylated in
a similar manner in FRT cells, we used UBEI-41 that is a cell

FIGURE 2 | Degradation time course of membrane labeled KCa3.1-BLAP

channels. Time course of KCa3.1 was investigated over a 12 h period. (A)

After basolateral streptavidin labeling, cells were further incubated in 37◦C for

0 (no incubation), 1, 3, 5, 8, or 12 h before being lysed and detection of

KCa3.1 via immunoblot. Lane 1: Control no incubation (t = 0), Lane 2: 1 h of

incubation (t = 1), Lane 3: 3 h of incubation (t = 3), Lane 4: 5 h of incubation

(t = 5), Lane 5: 8 h of incubation (t = 8), and Lane 6: 12 h of incubation (t =

12) (B) Immunoblot results were quantified by densitometry. Relative protein

expression demonstrated that the half-life of KCa3.1 was ∼3 h with only 5% of

the labeled channels remaining at 12 h. Each lane was loaded with 30 µg of

protein and β-actin was used as a loading control (n = 8).

permeable inhibitor of the E-1 ubiquitin-activating enzyme (Yang
et al., 2007). This enzyme is the first enzyme in a cascade that
results in the ubiquitylation of proteins, which are targeted to
the lysosome or proteasome for degradation (Scheffner et al.,
1995). We predicted that the administration of UBEI-41 would
reduce ubiquitylation of KCa3.1, and thus, the rate of degradation
of KCa3.1 would be slowed considerably, as a result, more
KCa3.1 would remain present within the cell compared to control
cells. As seen in Figures 3A,B, UBEI-41 reduced the amount of
degradation of KCa3.1 (P ≤ 0.05, n = 4) suggesting that an E1
ubiquitin-activating enzyme was responsible for the initial step of
the ubiquitylation phase resulting in the degradation of KCa3.1.
As seen at 3 h (Figure 3B), in the presence of UBEI-41, over
86 ± 6% of streptavidin-labeled KCa3.1 was retained (black bar)
compared (P≤ 0.05) to control cells (50± 8% remaining, hashed
bar; control time course data from Figure 2B, n= 8). By 12 h, for
UBEI-41-treated cells, 56 ± 7% (P ≤ 0.05) of KCa3.1 remained
within the cell compared 5 ± 2% in control cells. Therefore, the
level of the labeled channel declined slowly as incubation time
increased with UBEI-41 treatment, with almost no decrease of
channels after only 1 h of UBEI-41. The half-life of the channel
within the cell was extended from∼3 h for control cells to beyond
12 h for UBEI-41-treated cells.

Balut et al. (2011) and Bertuccio et al. (2014) have
reported that KCa3.1 is ubiquitylated at the plasma membrane.
Additionally, we have shown that the degradation of KCa3.1
is reduced in the presence of UBEI-41 (Figure 3, current
study), therefore, the action of UBEI-41 may result in increased
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FIGURE 3 | Effects of E1-ubiquitin activating enzyme inhibition via UBEI-41 on

the expression of streptavidin labeled KCa3.1-BLAP channels. (A) After

basolateral streptavidin labeling of KCa3.1 channels, cells were further

incubated in 37◦C for 0 (no incubation), 1, 3, 5, 8, or 12 h with UBEI-41 (50

µM) before being lysed and detection of KCa3.1 by immunoblot. Lane 1:

Control no incubation (t = 0), Lane 2: 1 h of incubation (t = 1), Lane 3: 3 h of

incubation (t = 3), Lane 4: 5 h of incubation (t = 5), Lane 5: 8 h of incubation (t

= 8), and Lane 6: 12 h of incubation (t = 12). Each lane was loaded with 30

µg of protein and β-actin was used as a loading control. (B) Relative

expression levels of KCa3.1 in the presence of UBEI-41 (black bars). Relative

expression levels of KCa3.1 (serving as control data) from Figure 2 were

plotted (hatched bars). Relative protein expression demonstrated that the

expression level of KCa3.1 (control, 0 h, black bar) remained the same after 1

h of treatment of UBE-41, but was higher than the 1 h control non-treated

cells (hatched bars). Also, by 3 h only ∼10% of the labeled channel had been

degraded compared with the 0 h control, however, at 3 h, the non-treated

cells exhibited degradation of ∼50% of the labeled KCa3.1 (hatched bar) (*P ≤

0.05, n = 4). Thus, UBEI-41 effectively slowed the degradation of KCa3.l,

extending the channel half-life to more than 12 h compared to non-treated

control cells (∼3 h).

number of KCa3.1 channels being retained at the BLM. Our
hypothesis was that UBEI-41 would inhibit the E1 ubiquitin-
activating enzyme and disrupt ubiquitylation of the channel and
endocytosis resulting in an accumulation of KCa3.1 at the BLM.
Therefore, this labeling approach would provide a molecular
“snapshot” of the relative amount of KCa3.1 physically present
at the BLM. As shown in Figure 4, cells pretreated with UBEI-41
(50µM, m and s; t = 1 h, Lane 3) exhibited a significant increase
(20± 6%, P≤ 0.05) in channels at themembrane when compared
with t = 1 h control cells (Lane 2) or t = 0 h control cells (Lane
1; Figure 4B, n= 4). These experimental results demonstrate, for
the first time in FRT cells, that UBEI-41 reduces ubiquitylation of
KCa3.1 and the channel is retained at the BLM.

Since, there was an increase of KCa3.1 at the BLM in
the presence of UBEI-41 (50µM, m and s; Figure 4), we
predicted that if KCa3.1 is accumulated at the BLM, then, this
should result in a larger IK current as measured by Ussing
chamber experiments. We measured the DCEBIO (100µM,
m and s)-stimulated IK and the clotrimazole (10µM, m and
s)-inhibited IK to determine the IK attributed by KCa3.1. A
representative experiment is shown in Figure 5A. As can be seen,
DCEBIO stimulated a sustained IK and clotrimazole inhibited the
stimulated IK current in both monolayers. The FRT monolayers

FIGURE 4 | Effects of UBEI-41 on surface streptavidin labeled KCa3.1-BLAP

channels. (A) Cells were incubated for 1 h with F12 media, or F12 media with

50 µM UBEI-41, then labeled basolaterally with streptavidin, followed by lysing

and detection of KCa3.1 by immunoblot. Lane 1. KCa3.1 non-treated control

cells. Lane 2: KCa3.1 1 h incubation, non-treated. Lane 3: KCa3.1 with 1 h

incubation of UBEI-41. Each lane was loaded with 30 µg of protein and

β-actin was used as a loading control. (B) Immunoblot results were quantified

by densitometry. Protein expression of each time point was referenced to the

control non-treated cells. Densitometry data showed that with the application

of UBEI-41, the surface expression of KCa3.1 rose by 20% with 1 h treatment

of UBEI-41 (hatched bar). *1 h UBEI-41 treated cells exhibited a statistically

significant increase in expression of KCa3.1 than the non-treated cells (dotted

bar; P ≤ 0.05, n = 4).

that were incubated with UBEI-41 exhibited a significantly
greater IK (31 ± 3µA, green trace and bar) compared to the
untreated FRT monolayers (24 ± 2µA, red and bar; Figure 5B;
P ≤ 0.05, n = 4) providing evidence that UBEI-41 likely
reduced endocytosis of ubiquitylated KCa3.1 channels from the
membrane. Untransfected FRT monolayers did not respond to
DCEBIO providing additional evidence of the robust stably
transfected FRT cell line (Figure 5A, blue trace).

Together, these data confirm that inhibition of the E-1
ubiquitinin-activating enzyme resulted in decreased degradation
of KCa3.1 in a polarized epithelium, as others have reported
(Bertuccio et al., 2014). Additionally, we provide the first
functional evidence that inhibition of ubiquitylation of KCa3.1
results in increased retention of KCa3.1 at the BLM and that
these channels contribute to an elevated IK current across the
polarized epithelium. These data support the hypothesis that
ubiquitin is crucial in internalization of KCa3.1, as disruption to
ubiquitylation appears to impede the endocytosis of KCa3.1.
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FIGURE 5 | The effect of UBEI-41 on current of the KCa3.1-BLAP cells. (A) A

representative trace of UBEI-41 treated FRT-KCa3.1-BLAP cell line.

FRT-KCa3.1 cells were grown on SnapwellTM filter inserts then subjected to

Ussing chamber experiments. The KCa3.1 specific activator DCEBIO (100µM)

was applied to the cells that stimulated a K+ current due to the opening of

FRT-KCa3.1 channels. Clotrimazole (10µM) was applied to inhibit KCa3.1

current. With the UBEI-41 (50µM) treatment after 1 h, the DCEBIO sensitive K

current was significant larger than the non-treated cells, with an averaged

difference of 7 ± 1µA. (B) Quantitation bar graph of the average DCEBIO

sensitive K+ current of each tested condition. When stimulated with DCEBIO,

control FRT-KCa3.1 cells exhibited an average current of 24 ± 2µA (red bar)

whereas current of UBEI-41-treated FRT-KCa3.1 cells was 31 ± 3µA (green

bar). Untransfected FRT cells did not respond to DCEBIO or clotrimazole (blue

trace, Figure 5A). * UBEI-41 treated cells showed statistically significant (P ≤

0.05, n = 4) increase of DCEBIO sensitive K+ current than non-treated cells.

Examination of Deubiquitylation of KCa3.1
and Possible Deubiquitylation of
Membrane Surface KCa3.1
Previously, it has been demonstrated that KCa3.1 is ubiquitylated
in both non-polarized HEK cells (Balut et al., 2011) and polarized
epithelial cells Caco-2 cells (Bertuccio et al., 2014). Additionally,
it has been reported that KCa3.1 expressed in HEK293 and Caco-
2 cells required deubiquitylation by deubiquitylating enzymes
(DUBs, proteases) that cleave ubiquitin from target proteins
prior to degradation by the lysosomes or proteasomes (Martinez
and Goud, 1998; Millard and Wood, 2006; Balut et al., 2011;
Bertuccio et al., 2014). We wanted to determine whether KCa3.1
was deubiquitylated in our stably transfected FRT epithelial
cells. We examined the effects of PR-619 (50µM, m and s; a
pan DUB inhibitor, Tian et al., 2011) on the degradation of
KCa3.1. In the presence of PR-619, the degradation of KCa3.1
was reduced (Figures 6A,B). Indeed, after 5 h incubation with
PR-619, channel degradation was reduced by only 25 ± 9% (P ≤

0.05, n = 4) compared with t = 0. Indeed, at 5 h in control cells,
KCa3.1 was significantly degraded by 70% ± 3% as compared
with t = 0 (P ≤ 0.05, n = 8; hashed bars, Figure 6B). Here,

we present a complete time course of the effect of PR-619 on
the degradation rate of KCa3.1. Indeed, these data suggest that
inhibition of deubiquitylation resulted in reduced degradation
of KCa3.1. These data corroborate and extend, in a polarized
epithelium, that KCa3.1 is deubiquitylated prior to degradation
(Balut et al., 2011; Bertuccio et al., 2014).

Previously, Balut et al. (2011) used a novel DUB Chip protein
array approach (Loch et al., 2011) in concert with the KCa3.1-
BLAP channel (Balut et al., 2010a) and determined a strong
association between KCa3.1 and the DUBs USP2 and USP8
and a weak association with AMSH. Further, Balut et al. (2011)
reported, using multiple experimental approaches, that USP8
regulates the delivery rate of KCa3.1 by deubiquitylating KCa3.1
prior to delivery to the lysosome. Interestingly, Verrey and
colleagues (Fakitsas et al., 2007; Oberfield et al., 2011) suggested
that USP2-45 deubiquitylated ENaC at the plasma membrane in
concert with an SGK1-Nedd4-2 dependent mechanism leading
to increased surface ENaC using a HEK293 expression system.
And, as stated above, KCa3.1 appears to be directly ubiquityated
at the plasma membrane (Balut et al., 2011), thus, this begs the
question “Is KCa3.1 deubiquitylated at the BLM in a polarized
epithelium?” Therefore, if the action of PR-619 was to prevent
deubiquitylation of KCa3.1 at the BLM then we would predict
that PR-619 would result in an accumulation of KCa3.1 at
the BLM. It follows that, this accumulation of channels should
be measured as an increased IK current as measured with
Ussing chamber experiments. In order to test this hypothesis, we
cultured KCa3.1 cells on SnapwellTM filters for 72 h, as described
above, in the absence or presence of PR-619 (50µM, m and s)
for 1 h. Untreated FRT cells grown on filters served as an overall
control (Figure 7A, blue trace). A representative experiment is
shown in Figure 7A. As can be noted, DCEBIO (100µM, m
and s) had a similar stimulatory effect on both KCa3.1 of FRT
cells grown in the absence (22 ± 3µA, red trace and bar) or
presence of PR-619 (22 ± 2µA, green trace and bar; Figure 7B,
n = 4). Collectively, these data suggest that KCa3.1 is not
deubiquitylated at the BLM of FRT cells. Therefore, the channel
must be deubiquitylated downstream during the trafficking of the
channel to the lysosome or proteasome for degradation.

Degradation of Membrane KCa3.1 by the
Lysosome
Degradation of cellular proteins occurs at the lysosome or the
proteasome (DeMartino and Slaughter, 1999; Luzio et al., 2007).
Initiation of the degradative process of membrane proteins
begins with ubiquitylation of protein at the membrane followed
by endocytosis. Balut et al. (2010b) determined that KCa3.1,
expressed in non-polarized HEK cells, was trafficked to the
lysosome for degradation by using the lysosomal protease
inhibitors leupeptin and pepstatin (L/P). Additionally, Bertuccio
et al. (2014) used L/P (24 h exposure) and the proteasome
inhibitor lactacystin (24 h exposure) to determine that KCa3.1
was degraded at both the lysosome and proteasome in polarized
Caco-2 epithelial cells. We, thus, wanted to determine a complete
profile for KCa3.1 degradation by the lysosome in our stably
transfected FRT cell line in the presence of leupeptin (100µM,
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FIGURE 6 | Effect of deubiquitinase inhibition via PR-619 on the

streptavidin-labeled membrane bound KCa3.1-BLAP channels. (A) After

streptavidin labeling, cells were further incubated in 37◦C for 0 (no incubation),

1, 3, 5, 8, or 12 h with PR-619 (50µM) before being lysed and detection of

KCa3.1 by immunoblot. Expression level of labeled KCa3.1 declined slowly as

incubation time increased, with almost no decrease of expression after 1 h of

treatment. Lane 1: Control no incubation (t = 0), Lane 2: 1 h of incubation (t =

1), Lane 3: 3 h of incubation (t = 3), Lane 4: 5 h of incubation (t = 5), Lane 5: 8

h of incubation (t = 8), and Lane 6: 12 h of incubation (t = 12). Each lane was

loaded with 30µg of protein and β-actin was used as a loading control. (B)

Immunoblot results were quantified by densitometry. Protein expression of

each time point was referenced to the control non-treated, non-incubated

cells. PR-619 reduced the degradation of KCa3.1 (black bars) compared to

the control cells (hatched bars; data from Figure 2). Relative KCa3.1

expression, in the presence of PR-619 was similar to the expression level of

KCa3.1 in the presence of UBEI-41 (Figure 3). In the presence of PR-619,

nearly all of the labeled KCa3.1 remained after 1 h of treatment, and by 3 h

only ∼10% of the labeled channel had been degraded (black bars). Though at

both the 1 and 3 h time points, there had been considerable degradation of

labeled KCa3.1 of the non-treated control cells (hatched bars) (*P ≤ 0.05, n =

4). PR-619 extended the channel half-life to more than 12 h.

m and s) and pepstatin (1µg/mlµM, m and s). As shown in
Figure 8, even after 1 h, the degradation of KCa3.1 was reduced
by only 5 ± 4% (P < 0.05) compared to control cells (18 ± 7%,
n= 5). Indeed, when cells were incubated with L/P for 8 h, there
was still only a reduction of labeled KCa3.1 by 55± 6% (P< 0.05)
in the presence of L/P compared to control cells in which labeled
KCa3.1 was reduced by 89 ± 2% (n = 5). In the presence of L/P,
the time of degradation was increased to >7 h for cells treated
with L/P compared to control cells of∼3 h. These results provide
the first complete L/P degradation profile of KCa3.1 in polarized
epithelial cells and corroborate the degradation data of KCa3.1
provided by Bertuccio et al. (2014).

DISCUSSION

In our current study, we investigated the modulation of
retrograde trafficking of membrane surface KCa3.1 by
altering ubiquitylation and deubiquitylation of KCa3.1 via
pharmacological approaches. We have confirmed and extended
data provided by Bertuccio et al. (2014) of KCa3.1 in polarized

FIGURE 7 | Effect of PR-619 of membrane bound FRT-KCa3.1-BLAP cells.

(A) Representative Ussing chamber traces of the PR-619 treated cells.

FRT-KCa3.1-BLAP cells were grown on SnapwellTM filter inserts then

subjected to Ussing chamber experiments. Once again, DCEBIO (100µM)

were applied to the filters once the baseline current was achieved followed by

clotrimazole (10µM). After 1 h of PR-619 (50µM) treatment (green trace), the

DCEBIO sensitive K current showed no difference when compared to the

untreated cells (red trace). (B) Quantitation bar graph of the average DCEBIO

sensitive K+ current of each tested condition. When stimulated with DCEBIO,

the untreated FRT-KCa3.1 cells exhibited an average current of 22 ± 3µA (red

bar) whereas PR-619 treated FRT-KCa3.1 cells was 22 ± 2µA (green bar).

Untransfected FRT cells did not respond to DCEBIO or clotrimazole (blue

trace). Overall, cells pretreated with PR-619 exhibited the same amount of

DCEBIO-stimulated IK as the untreated cells (P > 0.05) suggesting that the

effect of PR-619 was down stream of the initial ubiquitylation of membrane

bound KCa3.1 (n = 4).

FRT cells and work by Balut et al. (2010b, 2011) conducted
in non-polarized HEK cells. Here, we have demonstrated that
KCa3.1 is targeted exclusively to the BLM, have provided
a complete time course of degradation of KCa3.1 and time
courses of the channel in the presence of pharmacological
inhibitors of ubiquitylation and deubiquitylation to advance our
understanding of the retrograde trafficking of KCa3.1. Further,
we demonstrated that inhibition of ubiquitylation of membrane
bound KCa3.1 resulted in increased numbers of channels
remaining at the BLM and which contribute to physiological
responses (Figures 4, 5). Additionally, we have provided the first
functional evidence that KCa3.1 is not deubiquitylated at the
BLM and that deubiquitylation must occur further downstream
in the degradation process of KCa3.1 (Figures 6, 7).

Interestingly, the time course of degradation of plasma
membrane KCa3.1 varies from 3 to ∼16 h depending upon
the heterologous cell expression system (HEK, Caco-2, MDCK,
and FRT) and cell cultures conditions (impermeable, plastic,
vs. permeable supports) resulting in non-polarized or polarized
epithelia (Balut et al., 2010a, 2011; Bertuccio et al., 2014). In
our study, membrane labeled KCa3.1 exhibited a half-life for
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FIGURE 8 | Effect of lysosomal inhibitors on the streptavidin-labeled

membrane bound KCa3.1-BLAP channels. Lysosomal activities were inhibited

with leupeptin (100µM, s and m) and pepstatin (1µg/ml, s and m; L/P) to

determine the effect on the degradation of KCa3.1. (A) The degradation time

course was executed with the addition of leupeptin and pepstatin after

streptavidin labeling of KCa3.1. After labeling, cells were further incubated in

37◦ C for 0 (no incubation), 1, 3, 5, 8, or 12 h with L/P before cells were lysed

and detection of KCa3.1 by immunoblot. Lane 1: Control no incubation (t = 0),

Lane 2: 1 h of incubation (t = 1), Lane 3: 3 h of incubation (t = 3), Lane 4: 5 h

of incubation (t = 5), Lane 5: 8 h of incubation (t = 8), and Lane 6: 12 h of

incubation (t = 12). Each lane was loaded with 30µg of protein and β-actin

was used as a loading control. (B) Immunoblot results were quantified by

densitometry. As seen, in the presence of L/P, the degradation of KCa3.1

(black bars) was greatly reduced, retaining high levels of KCa3.1 expressed

even at 5 h after labeling compared with 5 h non-treated control cells (hatched

bars) shown from Figure 2 (*P ≤ 0.05, n = 5). In the presence of L/P, the

relative protein expression of KCa3.1 exhibited a half-life that was increased by

∼4 h compared to normal control degradation data (Figure 2).

degradation of ∼3 h in polarized FRT cells (Figure 2), similar
to data reported by Jones et al. (2004) for cellular KCa3.1
expressed in HEK cells cultured on plastic. Bertuccio et al.
(2014) reported that surface labeled KCa3.1 expressed in Caco-2,
MDCK, and FRT cells (on permeable filters) exhibited a half-life
for degradation of >16, >5, and∼3 h, respectively. Additionally,
endocytosed labeled channels were still identified by IB at 30 h
for Caco-2 cells.

There is ongoing debate whether KCa3.1 is trafficked directly
to the cell membrane or trafficked via a recycling endosomal
pathway. KCa2.3 (KCNN3), another member of the KCNN
gene family, exhibited a long membrane residence time when
expressed in HEK cells and human microvascular endothelial
cells with a half-life of degradation of >18 h (Gao et al., 2010).
Gao et al. (2010) utilized a membrane channel stripping protocol
to conclusively demonstrate that KCa2.3, expressed in HEK
cells, was quickly endocytosed and recycled back to the plasma
membrane. In contrast, Bertuccio et al. (2014) exploited the
fact that the transferrin receptor (TfnR) is recycled, via the
recycling endosome, back to the plasmamembrane (Maxfield and
McGraw, 2004) to determine whether KCa3.1 utilized a recycling
endosomal pathway to the BLM. Bertuccio et al. (2014) provided
the first evidence that KCa3.1 does not use a recycling endosome
when trafficking to the membrane by transducing both the

TfnR and KCa3.1-BLAP in MDCK cells and demonstrating that
KCa3.1 trafficked to the plasma membrane in both control and
recycling endosome ablated cells. Thus, KCa3.1 was trafficked
directly to the BLM and not via a recycling endosome pathway
used by TfnR. From our study, the only suggestive evidence that
the channel does not recycle is that the channel has a short
half-life so it appears unlikely that channels spend a lot of time
recycling. Maylie et al. (Lin et al., 2012), using patch-clamp
experiments, reported in endothelial cells that unlike KCa2.3,
KCa3.1 did not utilize caveolae-mediated membrane cycling and
that KCa3.1 did not undergo dynamic cycling. Additionally, Gao
et al. (2010) reported that KCa3.1 was quickly endocytosed and
degraded and did not enter a recycling compartment providing
added evidence that KCa3.1 may not recycle. Finally, Schwab
et al. (2012) demonstrated, in migrating MDCK-F cells, that
KCa3.1 exhibited clathrin-dependent endocytosis during cell
migration and that the authors observed that KCa3.1 containing
vesicles were newly formed at the plasma membrane and
those vesicles were optically tracked to the leading edge of the
lamellipodium of the migrating cells, suggesting the recycling of
KCa3.1 to the plasma membrane. It would have been useful if
the authors had executed a recycling assay of membrane bound
channels in order to directly demonstrate recycling of KCa3.1.
Clearly, further studies are required to define whether KCa3.1
recycles or not.

Modulation of Ubiquitylation of KCa3.1
Ubiquitylation of a membrane surface protein serves as a signal
for endocytosis via clathrin-coated vesicles after which the
protein can be recycled back to the membrane or traverse via
the ESCRT pathway to the lysosome (Clague et al., 2012). Balut
et al. (2010a) provided the first evidence that surface KCa3.1
was ubiquitylated within 90 min. We have extended that finding
and have provided the first complete degradative profile of
KCa3.1 in the presence of UBEI-41 (an E1-activating enzyme
inhibitor) in polarized epithelial cells where the rate of channel
degradation was significantly reduced (56 ± 7% remaining at
12 h) compared with control cells (5 ± 2% remaining at 12
h; Figure 3). Balut et al. (2011) demonstrated that KCa3.1 was
only slightly ubiquitylated at the membrane, however, significant
ubiquitylation of KCa3.1 occurred after the channels were
endocytosed in unpolarized HEK cells. Similarly, Bertuccio et al.
(2014) reported that a small amount of KCa3.1 was ubiquitylated
at the membrane, however a further ubiquitylation of KCa3.1
followed endocytosis in polarized Caco-2 cells.

Interestingly, we observed that when we incubated FRT cells
in the presence of UBEI-41 for 1 h, 96 ± 2% of KCa3.1 was
retained in the cells compared with 82± 5% retained KCa3.1 was
observed in untreated control cells (Figure 3). Based on those
results, we, next, asked the question “Would inhibiting the E1-
activating enzyme by UBEI-41 result in an increased amount of
KCa3.1 retained at the BLM?” Therefore, we predicted that if
UBEI-41 prevented ubiquitylation of surface bound KCa3.1 there
might be an accumulation of KCa3.1 at the membrane that could
be identified by IB and Ussing experiments. Here, we provide
the first IB (Figure 4) and functional (Ussing experiments,
Figure 5) evidence that demonstrated that UBEI-41 resulted in
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the retention of KCa3.1 at the BLM. As measured by IB, the
effect of 1 h exposure of cells with UBEI-41 increased KCa3.1
at the BLM compared to control cells (Figure 4). Further, cells
incubated with UBEI-41 for 1 h exhibited an increased DCEBIO-
sensitive, clotrimazole-sensitive IK current hallmark of KCa3.1
compared to currents of control cells (Figure 5).

Is KCa3.1 Deubiquitylated at the
Basolateral Membrane?
The mode of action of DUBs is varied including the classical
deubiquitylation of ubiquityated proteins within late endosomes
destined for degradation by the lysosome or proteasome (Clague
et al., 2012, 2013). Indeed, it is thought that proteins targeted
for degradation may be deubiquitylated prior to arriving at
the lysosome to recycle cellular ubiquitin (Reyes-Turcu et al.,
2009). In fact, Balut et al. (2011) examined the deubiquitylation
of KCa3.1 prior to lysosomal delivery and demonstrated that
the DUB inhibitor PR-619 slowed degradation of KCa3.1 (in
non-polarized HEK cells) resulting in over 85% of the labeled
membrane channel was still observed within the cell at 8 h while
only∼45% of the channel remained present in control cells. Here,
we provided the first complete experimental time course of the
effects of PR-619 on the deubiquitylation of KCa3.1 in polarized
epithelial FRT cells (Figure 6). Similar to Balut et al. (2011), at
8 h incubation of PR619, that 75 ± 8% of membrane-labeled
KCa3.1 still remained within the FRT cells compared to 15 ±

2% for KCa3.1 of control cells. Also, after 12 h treatment of
PR619, over 50% of the membrane-labeled KCa3.1 still remained
within the cells compared to 8 ± 2% for control cells (Figure 6).
Similarly, Bertuccio et al. (2014) reported that PR-619 reduced
the degradation of KCa3.1 transduced into Caco-2 cells where 87
± 1% of KCa3.1 was retained after 24 h while in control Caco-2
cells only 24 ± 1% of KCa3.1 was retained. It must be noted that
KCa3.1 transduced in to Caco-2 cells has a much longer half-life
(>12 h) compared with KCa3.1 expressed in FRT cells (Figure 2,
this study) and MDCK cells (Bertuccio et al., 2014). At present,
we still do not understand the intricate dynamics of this process
in various cell systems.

Even though deubiquitylation of proteins is thought to occur
in the vicinity of the lysosome, there is growing evidence
suggesting that DUBs play important roles in modulating plasma
membrane proteins numbers by deubiquitylating membrane
proteins (i.e., ion channels/transporters and receptors) within
early endosomes that are then recycled back to the plasma
membrane (Clague et al., 2013). Indeed, Butterworth et al.
(2007) and Bomberger et al. (2009, 2010) demonstrated for
ENaC and CFTR, respectively, that the DUBs UCH-L3 for
ENaC and USP10 for CFTR play vital roles in the recycling
of these channels back to the apical membrane of epithelial
cells. Further, it has been demonstrated that some DUBs can
deubiquityate membrane resident proteins. For example, Verrey
and colleagues (Fakitsas et al., 2007; Oberfield et al., 2011)
used a HEK293 expression system to demonstrate that UPS2-45
deubiquitylates ENaC at the plasma membrane in concert with
a SGK1-Nedd4-2 dependent mechanism. Also, Seki et al. (2013)
reported that the membrane-localized DUB, JosD1, transfected
in HEK cells, deubiquitylated membrane receptors after agonist

stimulation leading to a decrease in clathrin- and caveolae-
mediated endocytosis, thus maintaining receptors at the plasma
membrane. It has been suggested that KCa3.1 is endocytosed by
clathrin-mediated endocytosis in migrating cells (Schwab et al.,
2012). As shown in Figure 6, PR-619 increased the amount of
channel remaining in the cell at t = 1 h and also increased the
half-life of the labeled channels (>12 h) as compared to control
cells (∼3 h). Therefore, the increased amount of KCa3.1 in the
presence of PR-619 retained after 1 h may be due to a reduction
in clathrin-dependent endocytosis and/or deubiquitylation of
membrane bound ubiquitylated KCa3.1. If the later was the
reason for the retained KCa3.1 then we would hypothesized that
cells incubated with PR-619 would generate a higher IK current
than untreated cells as measured with Ussing experiments. This
hypothesis was disproven as the IK current exhibited by PR-
619-treated cells (t = 1 h) was no different from the IK of
untreated cells (Figure 7). Therefore, the effect of PR-619 on
KCa3.1 must occur downstream of the endocytosis step of the
channel. Further experiments are required to tease apart the
location of the deubiquitylation of KCa3.1 prior to degradation
by the lysosome.

KCa3.1 as a Therapeutic Target?
KCa3.1 has been purported to be a therapeutic target in
a number of diseases (Köhler, 2009; Köhler et al., 2010;
Wulff and Castle, 2010). Indeed, changes in the membrane
resident population of KCa3.1 can lead to differences in overall
physiological function. For example, Ghanshani et al. (2000)
reported that the numbers of KCa3.1 channels were increased
by mitogens resulting in the activation of human naïve T-
lymphocytes via the transcription factors, AP1 and Ikaros-
2. Using colon from KCa3.1 null mice, Flores et al. (2007)
demonstrated that heterozygous mice (+/−) exhibited only
40% of the histamine- and carbachol-stimulated of the Cl−

secretory response compared with that of WT (+/+) mice as
measured with Ussing chamber experiments. Lastly, Al-Hazza
et al. (2012) reported that there were decreased numbers of
KCa3.1 channels in active UC patients, though similar number
of channels of UC patients whom were in remission compared
to control subjects. These data suggest that the number or
activity of the KCa3.1 channels at the membrane is critical
for physiological function. Nonetheless, our data provide a
glimpse of the pharmacological modulation of this channel in
an epithelial expression system. It would be most challenging to
extrapolate potential therapeutic avenues of KCa3.1 at this point
with a pharmacological approach.

In summary, we have provided complete time course
experiments examining the effects of pharmacological
modulators of ubiquitylation and deubiquitylation of KCa3.1
in polarized epithelial cells. Additionally, we provide the first
functional evidence that ubiquitylated channels are retained at
the BLM and that deubiquitylation of KCa3.1 appears not to
occur at the BLM of FRT cells.
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