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Mice lacking connexin 30 (Cx30) display increased epithelial
sodium channel (ENaC) activity in the distal nephron and
develop salt-sensitive hypertension. This indicates a functional
link between Cx30 and ENaC, which remains incompletely
understood. Here, we explore the effect of Cx30 on ENaC
function using the Xenopus laevis oocyte expression system.
Coexpression of human Cx30 with human αβγENaC signifi-
cantly reduced ENaC-mediated whole-cell currents. The size of
the inhibitory effect on ENaC depended on the expression level
of Cx30 and required Cx30 ion channel activity. ENaC inhibi-
tion by Cx30 was mainly due to reduced cell surface ENaC
expression resulting from enhanced ENaC retrieval without
discernible effects on proteolytic channel activation and single-
channel properties. ENaC retrieval from the cell surface
involves the interaction of the ubiquitin ligase Nedd4-2 with
PPPxY-motifs in the C-termini of ENaC. Truncating the C-
termini of β- or γENaC significantly reduced the inhibitory
effect of Cx30 on ENaC. In contrast, mutating the prolines
belonging to the PPPxY-motif in γENaC or coexpressing a
dominant-negative Xenopus Nedd4 (xNedd4-CS) did not
significantly alter ENaC inhibition by Cx30. Importantly, the
inhibitory effect of Cx30 on ENaC was significantly reduced
by Pitstop-2, an inhibitor of clathrin-mediated endocytosis, or
by mutating putative clathrin adaptor protein 2 (AP-2) recog-
nition motifs (YxxФ) in the C termini of β- or γ-ENaC. In
conclusion, our findings suggest that Cx30 inhibits ENaC by
promoting channel retrieval from the plasma membrane via
clathrin-dependent endocytosis. Lack of this inhibition may
contribute to increased ENaC activity and salt-sensitive hy-
pertension in mice with Cx30 deficiency.

The epithelial sodium channel (ENaC) belongs to the ENaC/
degenerin family of ion channels. ENaC is a heterotrimer
consisting of three homologous subunits (αβγ) (1). Each
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subunit consists of two transmembrane domains connected by
a large extracellular loop and has short intracellular N- and C-
termini. In several sodium transporting epithelia, ENaC pro-
vides the rate-limiting step for apical sodium entry (2). In
particular, ENaC is expressed in the apical membrane of
principal cells in the aldosterone-sensitive distal nephron
(ASDN). This nephron segment consists of the late distal
convoluted tubule (DCT2), the connecting tubule (CNT), and
the collecting duct (CD). The regulation of ENaC activity in
the ASDN plays a key role in fine-tuning renal sodium
excretion and hence in long-term control of arterial blood
pressure (3, 4). ENaC activity in the ASDN critically depends
on channel abundance in the apical membrane, which is
determined by the balance between channel insertion into the
plasma membrane and endocytic channel retrieval (4–7). An
essential hormonal regulator of ENaC activity in the ASDN is
the mineralocorticoid aldosterone, but aldosterone-dependent
and -independent ENaC regulation has been described in
mouse distal nephron (8–10). The mechanisms involved in
mediating the stimulatory effect of aldosterone on ENaC are
highly complex and probably include increased forward traf-
ficking of ENaC (11, 12) and reduced channel retrieval
resulting in increased channel expression at the cell surface.
There is good evidence that phosphorylation of the ubiquitin-
protein ligase Nedd4-2 by serum and glucocorticoid-induced
kinase 1 (Sgk1) mediates at least in part the stimulatory ef-
fect of aldosterone (13, 14). The C-termini of all three ENaC
subunits contain proline-rich PPPxY (PY) motifs. Nedd4-2
interacts with PY-motifs via its WW-domains, promoting
the ubiquitination, endocytosis, and proteasomal degradation
of the channel (13, 15–21). Sgk1 is stimulated by aldosterone,
and phosphorylation of Nedd4-2 by Sgk1 reduces the affinity
of the PPPxY-motif to Nedd4-2, which attenuates channel
retrieval from the cell surface, thereby increasing channel
surface expression (5, 7, 20). The mechanisms by which
Nedd4-2-dependent ubiquitination promotes ENaC internali-
zation are not yet fully understood, but probably include
clathrin-mediated endocytosis (22–24). It has been suggested
that epsin, which has both ubiquitin-interacting and clathrin-
binding motifs, may serve as a link between ubiquitinated
ENaC subunits and the clathrin-dependent endocytic
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Inhibition of the epithelial sodium channel by connexin 30
machinery (23). Additionally, clathrin-interacting proteins may
directly bind ENaC and induce ENaC internalization. In
particular, it has been shown that ENaC interacts with the
μ-subunit of the clathrin adaptor protein 2 (AP-2) (23, 24).
AP2 is a multisubunit complex formed of α, β, μ, and σ-sub-
units, which functions as a major hub in clathrin-mediated
endocytosis binding clathrin itself and a plethora of acces-
sory and cargo proteins (25–27). It has been shown that μAP2
initiates clathrin-mediated endocytosis by binding to a YxxΦ-
motif present in numerous transmembrane proteins (26, 28,
29). Interestingly, C-termini of all three ENaC subunits contain
YxxΦ-motifs, which partially overlap with the PPPxY motifs. It
has been proposed that ENaC is regulated by two independent
retrieval pathways, one involving Nedd4-2 and the other
depending on μAP2 as key component (30). However, the
functional role of the YxxΦ internalization motif in ENaC
endocytosis remains to be elucidated.

In addition to aldosterone and several other hormones,
numerous extracellular and intracellular factors including reg-
ulatory proteins canmodulate ENaC activity in the ASDN. They
include proteases, which activate ENaC by cleaving the channel
at specific sites in the extracellular domains of the α- and γ-
subunit. This releases inhibitory domains and probably causes a
conformational change leading to channel activation (31, 32).

Interestingly, connexin 30 (Cx30) hemichannels have been
suggested as putative ENaC modulators in the distal nephron
(33–37). The canonical function of connexins is the formation
of gap junctions (GJ) between adjacent cells (38, 39). Every GJ
consists of two docked connexons providing electrical
coupling and exchange of signaling molecules between adja-
cent cells. Connexin hemichannels may also play a physio-
logical role in autocrine and/or paracrine signaling (40–44). It
has been shown that various signaling molecules such as ATP,
NAD+, glutathione, glutamate, PGE2, or polyamines can be
released through connexin hemichannels (43–45). The con-
nexin family consists of about 20 members in mammals (46).
Among them, Cx26, Cx30, Cx30.3, Cx37, Cx43 are differen-
tially expressed in various parts of the nephron (35, 37).

Importantly, Cx30 is expressed in the apical membrane of
distal tubular epithelial cells in rodents suggesting that it may
function there as a hemichannel (33). Apical Cx30 expression in
the distal tubule was found to be upregulated by high-salt diet
suggesting that Cx30 may be involved in the regulation of salt
absorption in the distal nephron (33). Further studies supported
this hypothesis. Cx30 knockout mice demonstrated impaired
pressure natriuresis and salt-sensitive hypertension, which can
be prevented by the ENaC inhibitor benzamil. This supports the
hypothesis that Cx30 and ENaCmay functionally interact in the
distal nephron (34). Indeed, it has been shown that the open
probability of ENaC and the number of active channels were
increased in CCD of Cx30−/− mice compared with wild-type
mice (36). This may be due to a tonic inhibitory effect of Cx30
on ENaC possibly mediated by ATP release and purinergic
signaling (47). Absence of this tonic inhibition inCx30−/−mice is
thought to be responsible for increased ENaC activity. We hy-
pothesized that additional molecular mechanisms may be
involved in mediating the inhibitory effect of Cx30 on ENaC.
2 J. Biol. Chem. (2021) 296 100404
The aim of this study was to investigate this further and to
elucidate the underlying mechanisms of ENaC inhibition by
Cx30 using the Xenopus laevis oocyte expression system.
Results

Functional expression of human Cx30 in X. laevis oocytes

In a first set of experiments, we established the functional
expression of human Cx30 in X. laevis oocytes. It has been
reported that connexin hemichannels are inhibited by divalent
cations (Ca2+, Mg2+) from the extracellular side (40, 48, 49).
Therefore, we hypothesized that currents mediated by heter-
ologously expressed Cx30 hemichannels may be revealed by
removing divalent cations from the bath solution to disinhibit
the channels. To test this, it was necessary to silence inter-
fering endogenous connexin 38 (Cx38) hemichannels known
to be expressed at the cell surface of X. laevis oocytes and to be
activated by removal of extracellular Ca2+ and Mg2+ (50–52).
As expected, concomitant removal of Ca2+ and Mg2+ from the
bath solution reversibly stimulated inward whole-cell currents
(ΔICa2+Mg

2+
-Removal) in noninjected oocytes confirming endog-

enous expression of functional Cx38 hemichannels (Fig. 1A,
upper panels). It has been reported that endogenous expres-
sion of Cx38 in oocytes can be efficiently suppressed by anti-
sense oligoDNA (AS Cx38) (50, 51) (see Experimental
procedures). Using this established approach, we confirmed
that in oocytes injected with AS Cx38, no inward currents
were detectable upon Ca2+ and Mg2+ removal (Fig. 1A, middle
panels). In contrast, in oocytes coinjected with AS Cx38 and
cRNA for human Cx30, removal of Ca2+ and Mg2+ from the
bath solution activated large inward currents consistent with
the functional expression of Cx30 hemichannels at the cell
surface (Fig. 1A, lower panels). Readdition of Ca2+ and Mg2+

rapidly returned the stimulated currents back to baseline. This
inhibitory effect of Ca2+ and Mg2+ was usually preceded by a
brief and variable inward current peak (Fig. 1A, left lower
panel; Fig. 3A) probably due to a transient stimulation of
Ca2+-activated chloride channels known to be endogenously
expressed in oocytes (53). On average, inward currents elicited
by Ca2+ and Mg2+ removal were not detectable in AS Cx38
injected control oocytes and were much higher in oocytes
coinjected with AS Cx38 and cRNA for human Cx30 than
those in noninjected oocytes expressing endogenous Cx38
(Fig. 1B). Thus, these initial experiments confirmed that
endogenous Cx38 can be suppressed efficiently with AS Cx38.
Moreover, they demonstrate that the oocyte system is suitable
for heterologously expressing functional Cx30 hemichannels,
which are present at the cell surface and can be activated by
removing divalent cations from the bath solution.

Interestingly, in the presence of divalent cations, baseline
inward currents were significantly higher in oocytes coinjected
with Cx30 cRNA and AS Cx38 than those in noninjected or
AS Cx38-injected oocytes (Fig. 1C). This finding suggests that
Cx30 hemichannels are not fully blocked in the presence of
physiological concentrations of Ca2+ (1.8 mM) and Mg2+

(1 mM) in the extracellular solution but exhibit a small
residual channel activity under these conditions. To investigate



Figure 1. Inhibition of endogenous Cx38 and functional expression of human Cx30 in Xenopus laevis oocytes. A, Left panels, representative traces
demonstrating the effect of divalent cation removal on whole-cell currents recorded at a holding potential of −60 mV in noninjected oocytes, oocytes
injected with antisense oligoDNA against endogenous Cx38 (AS Cx38) or coinjected with AS Cx38 and human Cx30 cRNA (AS Cx38 + Cx30). Bath solution
contained 1.8 mM Ca2+ and 1 mM Mg2+ or was nominally free of Ca2+ and Mg2+ and contained 2 mM EDTA for the time intervals (100 s) indicated by open
bars (Ca2+Mg2+- Removal). Dashed lines indicate zero current level. Right panels, baseline inward currents in standard Ca2+and Mg2+-containing bath so-
lution (left +), maximum inward currents in the absence of divalent cations (−), and minimum inward currents reached after reapplication of Ca2+ and Mg2+

ions (right +) from similar experiments as shown in left panels (n = 20; N = 2). Lines connect data points from individual oocytes. B, data from the ex-
periments shown in (A) are summarized by subtracting the baseline current values in the presence of divalent cations from the corresponding maximal
current value reached after Ca2+ and Mg2+-removal (ΔICa2+Mg

2+
-Removal). C, summary of baseline current values recorded at the beginning of each experiment

in the presence of Ca2+ and Mg2+ in the bath solution. Mean ± SEM and data points for individual oocytes are shown; ***p < 0.001; n.s., not significant;
Kruskall–Wallis with Dunn’s post hoc test.
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whether these baseline inward currents in Cx30 expressing
oocytes are carried by Na+, we substituted Na+ in the bath
solution with the large organic cation NMDG+. In Cx30
expressing oocytes (coinjected with AS Cx38), the baseline
inward currents at a holding potential of −60 mV were
significantly reduced by replacing Na+ with NMDG+ (Fig. 2A).
This indicates that the current is mainly carried by Na+ as
expected for a Cx30-mediated current. This is further sup-
ported by the leftward shift of the reversal potential
from −15.3 ± 0.7 to −35.1 ± 0.8 mV (p < 0.001) observed upon
switching from Na+ to NMDG+ in the bath solution (Fig. 2C).
In contrast, in control oocytes without Cx30 (but injected with
AS Cx38), replacing Na+ by NMDG+ had almost no effect on
the magnitude of baseline inward currents (Fig. 2, B and D).
Analysis of the reversal potential shifts upon switching from
Na+ to NMDG+-containing solution in control oocytes
revealed a marginal leftward shift from −30.4 ± 0.6 mV
to −35.2 ± 0.7 mV (p < 0.001; Fig. 2D). The magnitude of this
shift was significantly smaller than that observed in oocytes
expressing Cx30 (−4.8 ± 0.6 in control oocytes versus −19.8 ±
0.9 mV in Cx30-expressing oocytes; p < 0.001). This indicates
that the Na+ conductance of control oocytes is negligible.
Thus, expression of Cx30 leads to a significant increase of a
baseline cation conductance in oocytes. To estimate the cation
permeability ratio (PNa:PNMDG) for Cx30, we had to correct for
the contribution of endogenous oocyte channels to the
observed currents. Therefore, we subtracted the average
whole-cell current values measured in control oocytes at each
holding potentials from the corresponding individual whole-
cell current values measured in oocytes from the same batch
expressing Cx30. From the resulting I/V curves, we deter-
mined the reversal potential shifts due to the replacement of
Na+ in the bath solution by NMDG+ (Fig. 2E). From the
average shift (−33.1 ± 2.2 mV), we estimated a permeability
ratio PNa:PNMDG of about 1.0 : 0.27. To the best of our
knowledge, there are no data reported in the literature
regarding the cation selectivity of Cx30 hemichannels. How-
ever, our estimate is in good agreement with previously pub-
lished data on the ion selectivity of other connexin
hemichannels, e.g., Cx50 or Cx38 (40, 54, 55).

Next, we tested whether the Na+ conductance in Cx30-ex-
pressing oocytes can be blocked by the nonspecific connexin
inhibitor carbenoxolone (56). Importantly, carbenoxolone-
sensitive currents (ΔIcarb) were detected in oocytes express-
ing Cx30 (Fig. 2, F and H) but not in control oocytes injected
only with AS Cx38 (Fig. 2, G and H). This supports the
J. Biol. Chem. (2021) 296 100404 3



Figure 2. Residual Cx30-mediated cation conductance in the presence of divalent cations (Ca2+, Mg2+) in the extracellular solution. A and B,
representative whole-cell current traces recorded in a human Cx30 expressing oocyte (A) or in a control oocyte (B). Oocytes were superfused with standard
bath solution (NaCl, open bars) or solution in which Na+ was replaced by NMDG+ (NMDG-Cl, grey bar). Dashed lines indicate zero current level. Continuous
holding potential was −60 mV. Before, during, and after exposure to NMDG+ bath solution, voltage step protocols were performed with nine consecutive 2 s
voltage steps in 20 mV increments starting with a hyperpolarizing pulse to −120 mV. Insets show overlays of resulting whole-cell current traces obtained at
different holding potentials. C and D, Left panels, current data from the final 100 ms portion of each pulse were taken from similar experiments as shown in
A and B, respectively, to construct corresponding average I/V curves. Mean and SEM (n = 34; N = 4) are shown. Right panels, reversal potentials obtained
from the same experiments summarized in left panels. Individual data points and mean ± SEM are shown. Lines connect data points from individual oocytes.
***p < 0.001; paired Student’s t-test. E, Left panel, average I/V plots corrected for endogenous oocyte currents using the data from the experiments
summarized in C and D. The average whole-cell current values measured in control oocytes were subtracted from the corresponding individual whole-cell
current values measured in oocytes from the same batch expressing Cx30. Right panel, reversal potentials obtained in the same experiments as summarized
in the left panel. Individual data points and mean ± SEM are shown. ***p < 0.001; paired Student’s t-test. F and G, representative overlays of whole-cell
current traces resulting from similar voltage step protocols as described in A and B are shown from an oocyte expressing Cx30 (F) and from a control
oocyte (G). For each oocyte current overlays are shown before (−carb) and 1 min after switching to a bath solution containing 1 mM carbenoxolone (+carb).
H, current data from the final 100 ms portion of the pulses were taken from similar experiments as shown in F and G. Average I/V plots were constructed
using carbenoxolone-sensitive current values (ΔIcarb), which were calculated by subtracting the current values recorded in the presence of carbenoxolone
(+carb) from the corresponding current values recorded in its absence (−carb). Mean and SEM (Cx30: n = 21; N = 2; control: n = 27; N = 2) are shown.
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conclusion that the increased baseline conductance in oocytes
injected with Cx30 cRNA is due to Cx30 hemichannels
expressed at the cell surface, which have a residual activity
even in the presence of divalent cations in the bath solution.

Taken together, these experiments demonstrate that oocytes
with silenced endogenous Cx38 are a suitable system for
heterologously expressing functional human Cx30 hemi-
channels. These channels have a small baseline activity,
mediate Na+ inward currents, and can be disinhibited by
extracellular Ca2+ and Mg2+ removal. This latter maneuver can
4 J. Biol. Chem. (2021) 296 100404
be used to assess functional Cx30 expression at the cell surface
(see below). In all subsequent experiments, oocytes injected
with cRNAs were routinely coinjected with AS Cx38 to sup-
press endogenous Cx38 expression.

Coexpression of human Cx30 with human ENaC reduces
amiloride-sensitive currents

To investigate whether Cx30 can modify ENaC function, we
expressed human αβγENaC in oocytes with or without coex-
pression of human Cx30. Amiloride-sensitive inward currents



Figure 3. Coexpression of Cx30 inhibits αβγENaC currents in a dose-dependent manner. A, representative whole-cell current traces recorded in a
human αβγENaC-expressing control oocyte or in oocytes injected with both αβγENaC and different amounts of human Cx30 cRNA (1–4 ng/oocyte).
Application of amiloride (Ami, 2 μM) and removal of divalent cations from the bath solution for 60 s (Ca2+Mg2+- Removal) are indicated by corresponding
filled and open bars, respectively. Dashed lines indicate zero current level. B, ΔICa2+Mg

2+
-Removal values were obtained from similar experiments as shown in

A and calculated as described in Figure 1. Mean ± SEM and individual data points for each experiment are shown (n = 20, N = 5). C, ENaC-mediated
amiloride-sensitive current values (ΔIAmi) were calculated from similar experiments as shown in A by subtracting the baseline current in the presence of
amiloride from the current level reached after amiloride washout. Mean ± SEM and data points for individual oocytes are shown; (n = 68, N = 5). D, the

relative inhibitory effect of Cx30 on ENaC was calculated according to the following equation:

�
ΔIAmi

ΔIAmiðmean; controlÞ−1
�
×100%; where ΔIAmi is the amiloride

sensitive current of an individual oocyte coexpressing Cx30 and ENaC, whereas ΔIAmiðmean; controlÞ is the mean ΔIAmi measured in control oocytes
from the same batch but expressing ENaC alone (control). Original data are the same as in C. Mean ± SEM and data points for individual oocytes are shown;
**p < 0.01; ***p < 0.001; n.s., not significant; compared with control (markers above the columns) or to another comparison group as indicated; Kruskall–
Wallis with Dunn’s post hoc test.
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(ΔIAmi) and inward currents elicited by extracellular Ca2+ and
Mg2+ removal (ΔICa2+Mg

2+
-Removal) were determined to assess

ENaC and Cx30 function, respectively. As shown in Figure 3A,
continuous whole-cell current recordings were performed at a
holding potential of −60 mV and were started in the presence
of amiloride (2 μM) to inhibit ENaC. Washout of amiloride
revealed an ENaC-mediated sodium inward current (ΔIAmi).
Reapplication of amiloride returned the current to its initial
level. In control recordings from oocytes expressing ENaC
without Cx30 (but coinjected with AS Cx38), subsequent
removal of Ca2+ and Mg2+ had no detectable effect on the
current level (Fig. 3A, control). In contrast, in oocytes coex-
pressing ENaC and Cx30, removal of Ca2+ and Mg2+ from the
extracellular bath solution in the presence of amiloride
increased the inward current by disinhibiting Cx30 hemi-
channels as described above. As expected, ΔICa2+Mg

2+
-Removal
J. Biol. Chem. (2021) 296 100404 5



Figure 4. Carbenoxolone significantly reduces the inhibitory effect of
Cx30 on ENaC. A and B, representative whole-cell current traces recorded
in oocytes expressing ENaC without (left traces) or with Cx30 (right traces).
After cRNA injection oocytes were incubated for 48 h in incubation solution
with carbenoxolone (100 μM, A) or without (mock incubation, B). Carbe-
noxolone was absent from the bath solution during the whole-cell current
recordings. Application of amiloride (Ami, 2 μM) and removal of divalent
cations from the bath solution for 60 s (Ca2+ Mg2+-Removal) are indicated
by corresponding bars. Dashed lines indicate zero current level. C, ΔIAmi
values from similar experiments as shown in the representative traces in
A and B. Mean ± SEM and data points for individual oocytes are shown;
***p < 0.001; n.s., not significant; Kruskall–Wallis with Dunn’s post hoc test
(n = 44, N = 4). D, relative inhibitory effect of Cx30 on ENaC calculated from
the data shown in C essentially as described in Figure 3. Mean ± SEM and
data points for individual oocytes are shown; ***p < 0.001; Mann–Whitney
test.
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increased when the amount of injected cRNA for Cx30 was
increased from 1 ng to 2 ng or 4 ng (Fig. 3, A and B). This is
not surprising, because it can be expected that increasing the
amount of injected cRNA will increase channel expression.
Importantly, increased expression of Cx30 resulted in pro-
gressive reduction of ΔIAmi (Fig. 3, A and C). We calculated the
relative inhibitory effect of Cx30 on ENaC (in %) for different
amounts of injected Cx30 cRNA. The results are summarized
in Figure 3D and demonstrate that Cx30 significantly down-
regulates ENaC in a dose-dependent manner. A significant
inhibitory effect of Cx30 on ENaC was consistently observed in
33 batches of oocytes coinjected with 2 ng of Cx30 cRNA per
oocyte and 0.1 ng of cRNA for each ENaC subunit. In these
experiments, the relative inhibitory effect of Cx30 on ENaC
averaged 54 ± 3% (N = 33, n = 496).

In conclusion, these data demonstrate that coexpression of
Cx30 has a robust inhibitory effect on ENaC currents. The
inhibitory effect of Cx30 increases with increasing expression
of Cx30.

Inhibitory effect of Cx30 on ENaC requires ion channel activity
of Cx30

As described above, Cx30 expressing oocytes exhibit a
carbenoxolone-sensitive conductance in the presence of
physiological concentrations of Ca2+ and Mg2+ in the bath
solution (Fig. 2). To test whether this channel activity is rele-
vant for the inhibitory effect of Cx30 on ENaC, we incubated
oocytes for 48 h after cRNA injection with the Cx30 blocker
carbenoxolone (100 μM). In oocytes expressing ENaC and
Cx30, preincubation with carbenoxolone prevented the stim-
ulation of Cx30 mediated inward currents upon removal of
Ca2+ and Mg2+ from the extracellular solution (Fig. 4A, right
trace). Interestingly, this inhibitory effect of carbenoxolone
preincubation was observed in the absence of carbenoxolone
during the current measurements. This may be due to its
intracellular accumulation and/or incomplete washout. In
contrast, a stimulatory response to Ca2+ and Mg2+ removal
was readily observed in matched ENaC and Cx30 coexpressing
oocytes not treated with carbenoxolone (Fig. 4B, right trace).
Importantly, average ENaC currents were more than twofold
larger in carbenoxolone treated oocytes coexpressing ENaC
and Cx30 than those in matched oocytes coexpressing ENaC
and Cx30 but without carbenoxolone treatment (Fig. 4C).
Without coexpression of Cx30, carbenoxolone had no signif-
icant effect on ENaC-mediated currents in ENaC expressing
oocytes from the same batch (Fig. 4, A and B, left traces, and
Fig. 4C). Thus, inhibition of Cx30 by incubation of oocytes in
the presence of carbenoxolone significantly reduced the
inhibitory effect of Cx30 on ENaC (Fig. 4D). In an additional
set of experiments, we demonstrated that in oocytes coex-
pressing ENaC and Cx30, acute application of carbenoxolone
(1 mM) for 1 min had no apparent effect on ΔIAmi. Compared
with ΔIAmi in oocytes expressing ENaC alone, ΔIAmi was
reduced in oocytes coexpressing ENaC and Cx30 by 70 ± 4%
before and by 69 ± 5% after application of carbenoxolone (n.s.;
N = 1, n = 10). Thus, acute application of carbenoxolone had
no detectable effect on ENaC inhibition by Cx30 coexpression.
6 J. Biol. Chem. (2021) 296 100404
These findings indicate that a prolonged ion channel function
of Cx30 is needed to cause the observed inhibitory effect of
Cx30 coexpression on ENaC and that short-term inhibition of
Cx30 by carbenoxolone cannot reverse this effect.

Carbenoxolone is a rather nonspecific drug and may have
additional side effects besides blocking Cx30. Therefore, we
established an alternative approach to silence the ion channel
activity of Cx30. It has been shown for Cx26, a close homo-
logue of Cx30, that introducing a point mutation into the
pore-forming transmembrane domain 1 (M34T or M34A)
renders Cx26 inactive by constricting the channel pore (57,
58). Interestingly, the M34T mutation of Cx26 was found to be
associated with hereditary deafness in humans (59, 60). We
hypothesized that due to the high degree of sequence similarity
between Cx26 and Cx30 (approx. 77%), a homologous M34A
substitution in Cx30 would also result in nonfunctional
channels. Indeed, as shown in Figure 5, A and B, divalent



Figure 5. Mutant Cx30 (M34A) with no detectable ion channel activity did not inhibit ENaC. A, representative whole-cell current traces recorded in
oocytes expressing ENaC only (upper trace), coexpressing ENaC with C-terminally V5-tagged wild-type Cx30 (ENaC + Cx30, middle trace) or Cx30 with single
point mutation M34A (ENaC + Cx30M34A, lower trace). Application of amiloride (Ami, 2 μM) and removal of divalent cations from the bath solution for 60 s
(Ca2+ Mg2+-Removal) are indicated by corresponding bars. Dashed lines indicate zero current level. B, ΔICa2+Mg

2+
-Removal values were obtained from similar

experiments as shown in A and calculated as described in Figure 1. Mean ± SEM and individual data points for each experiment are shown; ***p < 0.001;
n.s., not significant; one-way ANOVA with Bonferroni post hoc test (n = 36, N = 3). C, ΔIAmi were calculated from similar experiments as shown in A as
described in Figure 3. Mean ± SEM and data points for individual oocytes are shown; ***p < 0.001; n.s., not significant; Kruskall–Wallis with Dunn’s post hoc
test. D, relative inhibitory effect of Cx30 on ENaC calculated from the data shown in C essentially as described in Figure 3. Mean ± SEM and data points for
individual oocytes are shown; ***p < 0.001; n.s., not significant; Kruskall–Wallis with Dunn’s post hoc test. E and F, representative western blots showing cell
surface (E) or intracellular (F) expression of C-terminally V5-tagged wild-type Cx30 and mutant Cx30M34A in oocytes from the same batch as used in A. No
specific signal was detected with the anti-V5 antibody in oocytes expressing ENaC alone. To validate separation of cell surface proteins from intracellular
proteins, blots were stripped and reprobed using an antibody against β-actin. G and H, densitometric evaluation of Cx30 and Cx30M34A expression from
three similar blots as shown in E and F. In each blot the density value of the Cx30M34A band was normalized to that of the Cx30 band. Lines connect data
points obtained in the same experiment, and mean ± SEM are shown; n.s. not significant; one sample Wilcoxon signed-rank test (N = 3).
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cation removal from the bath solution did not elicit an inward
current response in oocytes expressing ENaC together with the
mutant Cx30 (ENaC+Cx30M34A). This lack of response to
divalent cation removal is similar to that in control oocytes
expressing ENaC alone and confirms the loss-of-function ef-
fect of the M34A mutation on Cx30 ion channel function. In
contrast, in matched oocytes coexpressing ENaC with wild-
type Cx30 (ENaC+Cx30), the usual inward current response
to divalent cation removal was detected. Importantly, in
contrast to Cx30, Cx30M34A did not significantly reduce ΔIAmi

(Fig. 5, C and D). Western blot analysis revealed that intra-
cellular and cell surface expression of Cx30M34A was similar to
that of Cx30 (Fig. 5, E–H). Thus, the M34A mutation
effectively suppresses ion channel function of Cx30 without
compromising its level of protein expression or its localization
at the cell surface. Taken together these findings support our
conclusion that the ion channel function of Cx30 is essential
for its inhibitory effect on ENaC. They also argue against the
possibility that Cx30 inhibits ENaC simply by competing for
the transcription or expression machinery of the oocyte.

It has been reported that decreasing or increasing the
extracellular Ca2+ concentration enhances or reduces ion
permeation through Cx30 hemichannels, respectively (61).
Therefore, we hypothesized that the inhibitory effect of Cx30
on ENaC may be modified by varying the extracellular Ca2+

concentration. To test this, we incubated oocytes expressing
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ENaC with or without Cx30 for 48 h after cRNA injection in
ND9 with a standard (1.8 mM), decreased (0.9 mM), or
increased (3.6 mM) Ca2+ concentration. As shown in Figure 6,
A and C, varying the Ca2+ concentration in the incubation
medium had no effect on ΔIAmi in oocytes expressing ENaC
without Cx30. In contrast, the inhibitory effect of Cx30
coexpression on ΔIAmi was slightly more pronounced with
0.9 mM and substantially attenuated with 3.6 mM extracellular
Ca2+ compared with its effect under control conditions with
1.8 mM extracellular Ca2+ (Fig. 6, B and C). Thus, there ap-
pears to be an inverse relationship between the Ca2+ concen-
tration of the incubation solution and the relative inhibitory
effect of Cx30 on ENaC (Fig. 6D). As stated above, Cx30
hemichannels are inhibited by extracellular Ca2+. Therefore,
these finding suggests that the degree of ENaC inhibition by
Cx30 correlates with the ion channel activity of Cx30, which is
modulated by the extracellular Ca2+ concentration. However,
the inhibitory effect of extracellular Ca2+ on Cx30 does not
rule out the possibility that Cx30 hemichannels mediate Ca2+

influx and modulate intracellular Ca2+ signaling. To investigate
Figure 6. Extracellular Ca2+ modulates the inhibitory effect of Cx30 on
ENaC. A and B, representative whole-cell current traces recorded in oocytes
expressing ENaC only (A) or coexpressing ENaC with Cx30 (B) incubated for
48 h in solution containing the indicated concentration of Ca2+ ([Ca2+]o =
0.9, 1.8 or 3.6 mM). Application of amiloride (Ami, 2 μM) is indicated by filled
bars. Dashed lines indicate zero current level. C, ΔIAmi values from similar
experiments as shown in the representative traces (A and B). Mean ± SEM
and data points for individual oocytes are shown; ***p < 0.001; **p < 0.01;
n.s., not significant; Kruskall–Wallis with Dunn’s post hoc test (n = 24, N = 2).
D, relative inhibitory effect of Cx30 on ENaC calculated from the data shown
in (C) essentially as described in Figure 3. Mean ± SEM and data points for
individual oocytes are shown; ***p < 0.001; **p < 0.01; Kruskall–Wallis with
Dunn’s post hoc test.
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whether the inhibitory effect of coexpressed Cx30 on ENaC
depends on the presence of extracellular Ca2+, we substituted
Ca2+ in the incubation solution by Ba2+. In oocytes expressing
ENaC without Cx30, replacement of Ca2+ by Ba2+ had no
significant effect on ΔIAmi. Importantly, in oocytes incubated
in the presence of Ba2+ instead of Ca2+, the inhibitory effect of
Cx30 coexpression on ΔIAmi was not only preserved but even
enhanced (Fig. 7, A–D). Thus, extracellular Ca2+ is not
necessary for mediating the inhibitory effect of Cx30 on ENaC.

Cx30 reduces surface expression of ENaC

The inhibitory effect of Cx30 on ENaC may be due to
reduced channel expression at the cell surface, reduced single-
channel current amplitude, and/or reduced channel open
probability. To investigate whether Cx30 changes ENaC surface
expression, we used a chemiluminescence assay based on the
detection of a FLAG tag inserted into the extracellular domain
of the β-subunit of ENaC (62–64). As shown in Figure 8A,
coexpression of Cx30 reduced ΔIAmi by about 50% indicating
that the inhibitory effect of Cx30 on ENaC including a β-sub-
unit with a FLAG tag (ENaC-βFLAG) was similar to that
observed for wild-type ENaC (Fig. 3). Importantly, Cx30 caused
a substantial decrease of ENaC-βFLAG surface expression
(Fig. 8B), which can fully explain the observed �50% reduction
of ΔIAmi. To confirm that the chemiluminescence assay can
reliably detect a decrease in channel surface expression under
our experimental conditions, we performed control experi-
ments in which the amount of cRNA injected per oocyte was
reduced by a factor of 3 (1/3 ENaC). As expected, this signifi-
cantly reduced both ΔIAmi and the chemiluminescence signal,
because fewer channels are expressed and reach the cell surface
(Fig. 8, A and B). The inhibitory effect of reducing the amount
of injected cRNA on ΔIAmi and ENaC surface expression was
similar to that observed with Cx30 coexpression. In control
oocytes, the luminescent signal was very small, which confirmed
that the chemiluminescence assay specifically detected ENaC at
the cell surface. Additionally, using western blot analysis of
whole-cell lysates, we tested whether Cx30 altered total protein
expression of α-ENaC (Fig. 8, C and F), β-ENaC (Fig. 8, D and
G) and γ-ENaC subunits (Fig. 8, E and H). A single band
corresponding to the expected size of full-length α-, β-, and γ-
ENaC was detected at about 95 kDa in ENaC-expressing but
not in control oocytes. Additionally, a second band corre-
sponding to the partially cleaved γ-ENaC was observed at about
74 kDa. Importantly, densitometric evaluation of ENaC
expression demonstrated that the overall protein expression
levels of the three ENaC subunits were not significantly altered
by Cx30 coexpression (Fig. 8, F–H). In oocytes from the same
batches, the significant inhibitory effect of Cx30 coexpression
on ΔIAmi was confirmed (Fig. 8I). Thus, Cx30 significantly re-
duces ENaC expression at the cell surface without detectable
effect on overall ENaC protein expression.

Cx30 stimulates internalization of ENaC

Cx30 may reduce ENaC expression at the cell surface by
stimulating ENaC retrieval from the plasma membrane and/or



Figure 7. Replacing extracellular Ca2+ with Ba2+ enhances Cx30-
mediated inhibition of ENaC. A and B, representative whole-cell current
traces recorded in oocytes expressing ENaC alone (left panels) or
coexpressing ENaC with Cx30 (right panels) incubated for 48 h in standard
incubation solution containing 1.8 mM Ca2+ ([Ca2+]o = 1.8 mM; A) or in
incubation solution in which 1.8 mM Ca2+ was replaced with 1.8 mM Ba2+

([Ba2+]o = 1.8 mM; B). Application of amiloride (Ami, 2 μM) is indicated by
filled bars. Dashed lines indicate zero current level. C, ΔIAmi values from
similar experiments as shown in the representative traces A and B. Mean ±
SEM and data points for individual oocytes are shown; ***p < 0.001; n.s., not
significant; Kruskall–Wallis with Dunn’s post hoc test (n = 20, N = 2).
D, relative inhibitory effect of Cx30 on ENaC calculated from the data shown
in C essentially as described in Figure 3. Mean ± SEM and data points for
individual oocytes are shown; ***p < 0.001; Mann–Whitney test.
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by hampering the insertion of newly synthesized or recycled
channels into the plasma membrane. It is well established that
mechanisms altering the internalization rate of ENaC have a
strong impact on the abundance of ENaC at the cell surface
(13, 15–21). Therefore, we hypothesized that Cx30 decreases
ENaC cell surface expression by stimulating ENaC retrieval.

To estimate the rate of ENaC retrieval, we used a strategy
similar to that described in previous studies (65, 66). This
strategy is based on converting acutely and irreversibly the
channels present at the cell surface into fully active channels
and on measuring the subsequent current decline as surrogate
parameter for the rate of channel retrieval. For this purpose,
we used a mutant β-ENaC subunit carrying a cysteine-
substitution at the so-called degenerin position (βS520C) and
coexpressed it with wild-type α- and γ-ENaC with or without
additional coexpression of Cx30. This cysteine residue can
be covalently modified by application of the sulfhydryl reagent
(2-(trimethylammonium)ethyl) methanethiosulfonate bromide
(MTSET). This modification by MTSET increases the Po of
ENaC at the cell surface close to 1 (67). After MTSET treat-
ment, fully active ENaC channels are continuously retrieved
from the cell surface and are gradually replaced by newly
inserted unmodified channels with lower Po. This results in a
decay of ΔIAmi over time toward the initial current level before
MTSET application. Thus, measuring the rate of ΔIAmi decline
after MTSET treatment allows to estimate the apparent rate of
ENaC retrieval from the plasma membrane.

As illustrated in Figure 9, A and B and summarized in
Figure 9C, application of MTSET for 5 min strongly stimulated
ΔIAmi in oocytes expressing αβS520CγENaC with or without
Cx30 coexpression. In preliminary experiments, we confirmed
that application of MTSET for 5 min was sufficient for ΔIAmi

to reach a plateau value (data not shown). Assuming that
MTSET increased ENaC Po close to 1, we estimated a baseline
ENaC Po averaging �0.2 and �0.3 in oocytes with or without
coexpression of Cx30, respectively. These values are in good
agreement with previously published baseline Po values for
human ENaC expressed in oocytes (68–70) and with the Po
values determined in our single channel recordings and esti-
mated from our experiments with chymotrypsin (see below).
The slightly lower Po value for ENaC in oocytes coexpressing
Cx30 may indicate a small inhibitory effect of Cx30 on Po.
Importantly, the MTSET experiments confirm our conclusion
that the large inhibitory effect of Cx30 coexpression on ΔIAmi

cannot be attributed to a reduction in Po but must be caused
mainly by reduced channel expression at the cell surface. After
reaching a maximal value due to exposure to MTSET, ΔIAmi

gradually decreased over time in both groups of oocytes. ΔIAmi

70 min after MTSET treatment (ΔIAmi (70 min)) in oocytes
expressing ENaC alone was reduced to 62 ± 5% of its value
measured directly after MTSET treatment (ΔIAmi (0 min)). In
contrast, in oocytes coexpressing ENaC and Cx30, ΔIAmi

decreased within 70 min to 39 ± 4% of its value after MTSET
stimulation. Thus, the relative rate of ΔIAmi decline was
significantly higher in oocytes coexpressing ENaC and Cx30
compared with that in oocytes expressing ENaC alone
(Fig. 9D). This finding suggests that Cx30 coexpression stim-
ulates ENaC retrieval from the cell surface.

However, to draw this conclusion, it has to be considered
that insertion of newly synthesized and recycled ENaC con-
tributes to ΔIAmi and will partially compensate for its decline
due to channel retrieval. Thus, the observed decline of ΔIAmi is
likely to underestimate ENaC retrieval rate. Moreover, differ-
ences in ENaC insertion rates and Po may at least in part ac-
count for the different relative rates of ΔIAmi decline in oocytes
with and without Cx30 coexpression. Therefore, to estimate
more accurately the contribution of ENaC retrieval to the
decline of ΔIAmi within 70 min (ΔIRetrieval), it was necessary to
correct for the concomitant increase of ΔIAmi resulting from
channel insertion (ΔIInsertion) during this time period. To make
this correction, MTSET was applied again after 70 min
assuming that only newly inserted channels can be stimulated
by this second MTSET application. As shown in Figure 9,
A–D, in both groups of oocytes, reapplication of MTSET
increased ENaC currents almost back to the level reached after
the first application of MTSET. This indicates that during the
J. Biol. Chem. (2021) 296 100404 9



Figure 8. Inhibition of ENaC currents by Cx30 is due to decreased ENaC expression at the cell surface. A, the following groups of oocytes were used:
ENaC (injected with 0.6 ng/subunit/oocyte of ENaC cRNA); ENaC+Cx30 (injected with 0.6 ng/subunit/oocyte of ENaC cRNA and 2 ng/oocyte of Cx30 cRNA);
1/3 ENaC (injected with 0.2 ng/subunit/oocyte of ENaC cRNA). To detect channel expression at the cell surface, FLAG-tagged βENaC was coexpressed with
wild-type α- and γENaC. ΔIAmi values of individual oocytes were normalized to the mean ΔIAmi measured in oocytes from the corresponding ENaC group.
Mean ± SEM and data points for individual oocytes are shown; ***p < 0.001; n.s. not significant; Kruskall–Wallis with Dunn’s post hoc test (n = 23, N = 3). B,
in parallel with the ΔIAmi measurements shown in A, ENaC-βFLAG surface expression was detected as chemiluminescence signal in relative light units (RLU)
using oocytes from the same batch. Control oocytes not expressing ENaC were used to determine the nonspecific background chemiluminescence. Mean ±
SEM and data points for individual oocytes are shown; ***p < 0.001; Kruskall–Wallis with Dunn’s post hoc test (n = 70, N = 3). C–E, representative western
blots showing whole-cell expression of αENaC (C), βENaC (D), or γENaC (E) in oocytes expressing ENaC alone (ENaC) or coexpressing ENaC and Cx30. Specific
bands for full-length α-, β-, and γENaC at �95 kDa (C–E) and for cleaved γENaC at �74 kDa (E) were not detected in control oocytes not expressing ENaC.
F–H, densitometric evaluation of full-length bands for αENaC (F) and βENaC (G) and of full-length and cleaved bands for γENaC (H) from similar blots as
shown in (C–E). Density values were normalized in each blot to the signal of αENaC (F), βENaC (G), or γENaC (H) bands obtained from oocytes expressing
ENaC alone. Lines connect data points obtained in the same experiment, and mean ± SEM are shown; n.s. not significant; one sample Wilcoxon signed-rank
test (N = 7). I, in parallel experiments to those shown in (C–H), ΔIAmi was measured to confirm the inhibitory effect of Cx30 on ENaC in these batches of
oocytes. Each ΔIAmi value was normalized to the mean ΔIAmi obtained in oocytes expressing ENaC alone. Mean ± SEM and individual data points for each
experiment are shown; ***p < 0.001; Mann–Whitney test (n = 81, N = 7).
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experiment, retrieval of covalently modified channels was
balanced by insertion of unmodified channels keeping overall
ENaC expression at the cell surface relatively constant.
From the current increase caused by the second MTSET
application, we estimated ΔIInsertion taking into consideration
10 J. Biol. Chem. (2021) 296 100404
the increase in Po due to MTSET. ΔIRetrieval was
calculated using the following equation (see Experimental
procedures):

ΔIRetrieval ¼ ΔIAmið0 minÞ−ðΔIAmið70 minÞ −ΔIInsertionÞ



Figure 9. Cx30 stimulates ENaC internalization. A and B, representative whole-cell current traces are shown from oocytes expressing wild-type α- and
γENaC together with a mutant βENaC subunit carrying a single-point mutation (S520C) without Cx30 (ENaC-βS520C, A) or with Cx30 coexpression (ENaC-
βS520C+Cx30, B). To determine ΔIAmi at different time points, oocytes were repeatedly clamped for a short period of time at a holding potential of −60 mV
and current traces were recorded as illustrated. Oocytes were unclamped during the remaining time of the recording to minimize sodium loading of the
oocytes. Impaling microelectrodes were not removed from the oocyte until the end of the experiment. Application of amiloride (Ami, 2 μM) during each
current measurement is indicated by filled bars. Dashed lines indicate zero current level. After determining initial ΔIAmi, oocytes were exposed to MTSET for
5 min by exchanging the bath solution from ND96 with 2 μM amiloride to a solution containing in addition 1 mM MTSET (application of MTSET is indicated
by arrows). Before the second current measurement (time 0 min) MTSET was washed out with ND96 containing 2 μM amiloride. ΔIAmi was determined every
10 min as indicated (min: 10, 20, …, 70). Between the measurements, oocytes were maintained in ND96 with 2 μM amiloride. At the end of the recordings,
oocytes were exposed to MTSET for a second time. C, summary of ΔIAmi values from similar experiments as shown in the representative traces A and B.
Mean ± SEM current values for ENaC-βS520C oocytes (black line and symbols; n = 11; N = 3) or ENaC-βS520C+Cx30 oocytes (red line and symbols; n = 12; N = 3).
D, data shown in C were normalized as ratio of ΔIAmi measured at different time points to ΔIAmi measured at time 0 min after incubation with MTSET
(ΔIAmi/ΔIAmi (0 min)). **p < 0.01; *p < 0.05; n.s., not significant; ENaC-βS520C versus ENaC-βS520C+Cx30; two-way ANOVA with Bonferroni post hoc test. E and
F, linear regression analysis of ΔIRetrieval versus ΔIAmi (0 min) in oocytes expressing ENaC alone (E) or coexpressing ENaC together with Cx30 (F). Each point
represents an individual measurement from the same experiments summarized in C and D. Calculated linear regressions with proportionality coefficients (k)
are depicted by dashed lines. For better comparison, the diagonal dashed lines depict the hypothetical linear regression with k = 1. G, normalized ΔIRetrieval
(ΔIRetrieval/ΔIAmi (0 min)) calculated from the same experiments shown in E and F. **p < 0.01; Student’s t-test.
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This correction revealed that without concomitant channel
insertion, ΔIAmi would have been reduced by ENaC retrieval
within 70 min to 46 ± 6% (n = 11; N = 3) of ΔIAmi (0 min) in
oocytes expressing ENaC alone and to 26 ± 4% (n = 12; N = 3;
p < 0.01) in oocytes coexpressing ENaC and Cx30. Using these
corrected values, we performed a regression analysis and
demonstrated that ΔIRetreival correlated linearly with ΔIAmi (0

min) in both groups of oocytes (Fig. 9, E and F), which indicates
that their endocytic machinery was not saturated. Importantly,
in oocytes coexpressing ENaC and Cx30, the linear regression
coefficient was higher (k = 0.68 ± 0.02; Fig. 9F) than that in
oocytes expressing ENaC alone (k = 0.42 ± 0.04; Fig. 9E).
Accordingly, the normalized ΔIRetrieval was significantly higher
with Cx30 than without Cx30 (Fig. 9G).

In summary, this further supports the conclusion that Cx30
coexpression significantly stimulates the rate of ENaC retrieval
from the plasma membrane, thereby decreasing channel
expression at the cell surface.

Cx30 has no effect on proteolytic activation of ENaC

To investigate a possible effect of Cx30 on proteolytic
ENaC activation, we used chymotrypsin (2 μg/ml) to activate
ENaC in oocytes expressing ENaC with or without Cx30. We
have previously shown that chymotrypsin in this
J. Biol. Chem. (2021) 296 100404 11
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concentration maximally activates ENaC by proteolytic
cleavage, increasing average channel open probability (Po)
from about 0.3 to almost 1 consistent with a threefold in-
crease of ENaC-mediated whole-cell currents (64, 68, 71). As
expected, washout of amiloride revealed larger ENaC-
mediated baseline currents in oocytes expressing ENaC
alone (Fig. 10A) than in oocytes coexpressing Cx30 and
ENaC (Fig. 10B) confirming the inhibitory effect of Cx30
on ENaC. Importantly, chymotrypsin stimulated baseline
ENaC currents in both groups of oocytes by approximately,
Figure 10. In oocytes coexpressing ENaC and Cx30, the stimulatory
effect of chymotrypsin on ENaC currents is similar to that in oocytes
expressing ENaC alone. A and B, Left panels, representative whole-cell
current traces recorded in an oocyte expressing ENaC alone (A) and in an
oocyte coexpressing ENaC and Cx30 (B). Application of amiloride (Ami,
2 μM) or chymotrypsin (2 μg/ml) is indicated by filled and gray bars,
respectively. Dashed lines indicate zero current level. Right panels, ΔIAmi
values obtained from similar experiments as shown in the representative
traces (left panels) before (−) and after (+) chymotrypsin application. Lines
connect data points obtained in an individual oocyte; ***p < 0.001; Wil-
coxon matched-pairs signed-rank test (n = 14, N = 2). C, summary of the
individual data shown in (A and B) normalized as relative stimulatory effect
of chymotrypsin on ΔIAmi. Mean ± SEM and data points for individual oo-
cytes are shown; n.s., not significant; Student’s ratio t-test.
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threefold (Fig. 10C). This indicates that Cx30 does not
interfere with proteolytic ENaC activation and probably has
no major effect on channel Po, which was about 0.3 in both
groups.

Coexpression of Cx30 does not affect the single-channel
current amplitude of ENaC and has no apparent effect on
single-channel Po

To test whether Cx30 expression alters the single-
channel current amplitude of ENaC, we performed single-
channel recordings in outside-out patches of oocytes
expressing ENaC alone or ENaC together with Cx30.
Figure 11, A and B show representative recordings from an
outside-out patch excised from an oocyte expressing only
ENaC or ENaC with Cx30, respectively. The initial washout
of amiloride revealed single-channel activity with up to two
apparent channel levels. The single-channel current ampli-
tude was about 0.38 pA, which is typical for ENaC at this
holding potential (and corresponds to a single-channel
conductance of about 5 pS). Importantly, the average
single-channel current amplitude was not significantly
different in ENaC versus ENaC+Cx30 expressing oocytes
(Fig. 11C). The estimated apparent single-channel Po in
these recordings was rather variable, which is a typical
finding in single-channel recordings of ENaC. On average,
ENaC Po was similar in both groups (Fig. 11D). However,
due to the variability of single-channel Po, we cannot
exclude the possibility that Cx30 has a minor inhibitory
effect on ENaC Po as suggested by our experiments with
MTSET (see above; Fig. 9). Collectively, our data indicate
that the inhibitory effect of Cx30 is mainly mediated by a
reduction of the number of ENaC channels in the plasma
membrane and not by an effect on channel Po or single-
channel conductance.

C-termini of β- and γ-ENaC are critically involved in Cx30-
mediated downregulation of ENaC

It is well documented that C-termini of ENaC subunits (β-
and γENaC in particular) are critically involved in the
regulation of channel retrieval from the plasma membrane
(4). Therefore, we tested whether the C-termini of α-, β-, or
γ-ENaC are involved in the Cx30-mediated downregulation
of ENaC. For this purpose, channels with one C-terminally
truncated ENaC subunit (αT: P619X, βT: R566X, or γT:
K576X) and two wild-type subunits (αTβγ, αβTγ, or αβγT)
were expressed alone or coexpressed with Cx30. The trun-
cations eliminated highly conserved C-terminal sequences
(72). As shown in Figure 12A, C-terminal truncations of β- or
γENaC significantly increased ENaC currents compared with
the wild-type channel. Truncation of all three C-termini had
a similar stimulatory effect as that of truncating the C-ter-
minus of the γ-subunit alone. These findings are consistent
with the well-established concept that channels with C-ter-
minal truncations are internalized and degraded more slowly
than wild-type ENaC. Interestingly, ΔIAmi was not increased
in oocytes expressing αTENaC, which is in agreement with
previously reported findings that C-terminal truncations of



Figure 11. Coexpression of Cx30 has no apparent effect on the single-
channel current amplitude and open probability of ENaC. A and B,
representative continuous single-channel current recordings in an outside-
out patch of an ENaC expressing oocyte (A) or an ENaC+Cx30 coexpressing
oocyte (B) obtained at a holding potential of −70 mV. Application of ami-
loride (2 μM) is indicated by filled bars. The current level at which all
channels are closed (C) was determined in the presence of amiloride. The
channel open levels are indicated by (1) and (2). Single-channel binned
current amplitude histograms were obtained by analyzing an 85 s portion of
the current trace indicated by a horizontal line and were used to calculate
single-channel current amplitude (i) and PO (app) values. C and D, summary
of data from similar experiments as shown in A and B. Mean ± SEM and data
points for individual oocytes are shown; n.s., not significant; Mann–Whitney
test (n = 7, N = 4).

Figure 12. Intact C-termini of β- and γENaC are necessary for the
inhibitory effect of Cx30 on ENaC. A, normalized ΔIAmi values are shown
from oocytes expressing wild-type ENaC (αβγ), truncated αENaC (P619X),
βENaC (R566X), or γENaC (K576X) with corresponding wild-type ENaC
subunits (αTβγ, αβTγ or αβγT) or triple-truncated ENaC (αTβTγT) in each case
with or without Cx30. Individual ΔIAmi values were normalized to the mean
ΔIAmi obtained in matched oocytes from the same batch expressing wild-
type ENaC without Cx30. Mean ± SEM and data points for individual
oocytes are shown; ***p < 0.001; **p < 0.01; n.s. not significant; Kruskall–
Wallis with Dunn’s post hoc test (67 ≤ n ≤ 153, 5 ≤ N ≤ 7). B, relative
inhibitory effect of Cx30 on wild-type (αβγ) or truncated (αTβγ, αβTγ, αβγT or
αTβTγT) ENaC calculated as described in Figure 3 using original data shown
in A. ΔIAmi obtained in oocytes expressing wild-type (αβγ) or truncated
(αTβγ, αβTγ, αβγT, or αTβTγT) ENaC together with Cx30 was normalized to the
corresponding mean ΔIAmi recorded in matched control oocytes from the
same batch expressing wild-type (αβγ) or truncated (αTβγ, αβTγ, αβγT or
αTβTγT) ENaC alone. Mean ± SEM and data points for individual oocytes are
shown; ***p < 0.001; n.s., not significant; Kruskall–Wallis with Dunn’s post
hoc test.
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β- or γENaC but not of αENaC substantially increased
ENaC-mediated currents (15, 72). The relative inhibitory
effect of Cx30 on ENaC-mediated currents was preserved in
oocytes expressing αTβγENaC (42 ± 3%) and was similar to
that observed in matched oocytes expressing wild-type ENaC
(52 ± 2%; Fig. 12B). In contrast, the relative inhibitory effect
of Cx30 on ΔIAmi was significantly reduced in oocytes
expressing αβTγENaC (17 ± 5%) and essentially abolished in
oocytes expressing αβγTENaC (0 ± 5%) or αTβTγTENaC
(4 ± 4%; Fig. 12B). In additional control experiments, it was
confirmed that in oocytes coexpressing Cx30 and αβγTENaC,
the Cx30-mediated inward currents elicited by Ca2+ and
Mg2+ removal were similar to those observed in matched
oocytes coexpressing Cx30 and wild-type ENaC (data not
shown). Thus, the absence of the inhibitory effect of Cx30 on
αβγTENaC was not due to impaired expression of Cx30
hemichannels at the cell surface. In conclusion, these data
indicate that Cx30-mediated downregulation of ENaC
critically depends on the presence of intact C-termini of
β- and γ-ENaC.
Nedd4-2 is not involved in Cx30-mediated ENaC
downregulation

Sequence alignment of ENaC C-termini (Fig. 13) reveals the
presence of highly conserved PPPxY-motifs in all three ENaC
subunits. The role of these PPPxY-motifs in the regulation of
ENaC cell surface expression has been characterized in detail
(13, 15, 16, 19–21). The PPPxY-motifs are recognized by WW
domains of the ubiquitin ligase Nedd4-2, which leads
to Nedd4-2 binding to ENaC and subsequent channel
ubiquitination and internalization. Importantly, mutating the
J. Biol. Chem. (2021) 296 100404 13



Figure 13. C-termini of ENaC subunits have overlapping PPPxY- and YxxΦ-motifs. A, schematic representation of α, β, and γENaC illustrating the
extracellular loop, two transmembrane domains (black rectangles), and intracellular N- and C-termini. The position within the C-terminus of each subunit at
which a truncation mutation was introduced and the localization of the highly conserved PPPxYxxL sequence are indicated by asterisks. B, primary sequence
alignment of the corresponding C-terminal regions of human αβγENaC. Highly conserved amino acid residues belonging to PPPxY- and YxxΦ-motifs are
highlighted in bold.
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PPPxY-motifs in β- or γ-ENaC increased ENaC-mediated
currents to a similar degree as truncating the corresponding
C-termini (15, 16). Therefore, we investigated whether
mutating the PPPxY-motif in γENaC also abolished the
inhibitory effect of Cx30 on ENaC. In oocytes expressing a
mutant channel with the three critical proline residues
(623PPP625) in the PPPxY-motif of γENaC mutated to alanine
(αβγP623A-P625A), average ΔIAmi was almost doubled compared
with ΔIAmi in matched oocytes expressing wild-type ENaC
(Fig. 14A). This confirmed previously reported data and is
consistent with the concept that mutating the PPPxY-motif
of γENaC impedes the interaction of endogenous Nedd4
with ENaC. However, the relative inhibitory effect of Cx30 on
ΔIAmi was not significantly different in oocytes expressing
γP623A-P625A mutant ENaC (49 ± 3%) compared with that
observed in oocytes expressing wild-type ENaC (57 ± 2%)
(Fig. 14B). This finding suggests that Nedd4-2 is not involved
in Cx30-mediated ENaC downregulation. In further experi-
ments, we mutated the tyrosine residue (Y627) in the PPPxY-
motif of γENaC to alanine, which is also thought to be critical
for Nedd4-2 binding to ENaC (13, 19–21). In good agreement
with this concept, we found that the γY627A mutation increased
ΔIAmi to a similar extent as the γP623A-P625A mutation
(Fig. 14A). Interestingly, the relative inhibitory effect of Cx30
on γY627A mutant ENaC was slightly reduced (41 ± 5%)
compared with that on wild-type ENaC (Fig. 14B). Mutating
the homologous tyrosine residues in all three ENaC subunits
(αY644AβY620AγY627AENaC) resulted in even more pronounced
reduction of Cx30-mediated effect on ENaC (36 ± 5%). Thus,
disruption of the PPPxY-motif by alanine substitutions of
the proline residues in γENaC did not significantly alter
the inhibitory effect of Cx30 on ENaC. In contrast, substitution
of the tyrosine residue by an alanine had a small but significant
effect on Cx30-mediated ENaC inhibition. We also
14 J. Biol. Chem. (2021) 296 100404
investigated the effect of coexpressing catalytically inactive
Xenopus xNedd4-CS (bearing a C938S mutation in the Hect
domain) on Cx30-mediated ENaC downregulation. As ex-
pected from previously reported findings (73), coexpression of
xNedd4-CS significantly increased ENaC-mediated currents
by about approximately twofold probably due to an inhibitory
effect on endogenous Nedd4 (Fig. 14A). However, the relative
inhibitory effect of Cx30 on ΔIAmi was not significantly
affected by coexpressing xNedd4-CS (52 ± 4%; Fig. 14B).
Taken together, these data support the conclusion that Nedd4-
2 is not involved in mediating the inhibitory effect of Cx30 on
ENaC.

Cx30-mediated ENaC downregulation is significantly reduced
by inhibiting clathrin-mediated endocytosis or mutating the
YxxΦ-motif in the C-termini of β- or γ-ENaC

Primary sequence alignment of ENaC C-termini (Fig. 13)
reveals that all three ENaC subunits have highly conserved
YxxΦ-motifs (where Φ indicates an amino acid with a bulky
hydrophobic side chain like leucine), which partially overlap
with their PPPxY-motifs. YxxΦ-motifs are known to be
involved in binding the μ-subunit of the clathrin adaptor
protein 2 (AP-2), which is responsible for clathrin-mediated
endocytosis of many cell surface proteins (26, 28, 29). Thus,
the YxxΦ-motifs are likely to be important for clathrin-
mediated ENaC internalization and may be involved in
mediating the inhibitory effect of Cx30 on ENaC.

To explore a possible role of clathrin-mediated endocytosis
in Cx30-mediated inhibition of ENaC, we used a pharmaco-
logical tool, Pitstop-2, which specifically binds to clathrin,
thereby inhibiting clathrin-mediated endocytosis (74). Oocytes
expressing ENaC with or without Cx30 were preincubated
with Pitstop-2 (30 μM) or with 0.02% dimethyl sulfoxide
(mock incubation) for 1 h before determining ΔIAmi. In ENaC



Figure 14. ENaC inhibition by Cx30 does not involve a Nedd4-2-dependent mechanism. A, ΔIAmi values obtained in oocytes expressing wild-type ENaC
(αβγ), mutant ENaC (αβγP623A-P625A, αβγY627A, αY644AβY620AγY627A), or coexpressing wild-type ENaC together with xNedd4-CS (αβγ + xNedd4-CS) in each case
with (+) or without (−) additional coexpression of Cx30 were normalized as described in Figure 12A. Mean ± SEM and data points for individual oocytes are
shown; ***p < 0.001; **p < 0.01; Kruskall–Wallis with Dunn’s post hoc test (32 ≤ n ≤ 185, 3 ≤ N ≤ 4). B, relative inhibitory effect of Cx30 on wild-type ENaC
(αβγ), mutant ENaC (αβγP623A-P625A, αβγY627A, αY644AβY620AγY627A), or wild-type ENaC coexpressed with xNedd4-CS (αβγ + xNedd4-CS) calculated as described
in Figure 12B using original data shown in A. Mean ± SEM and data points for individual oocytes are shown; *p < 0.05; ***p < 0.001; n.s., not significant;
Kruskall–Wallis with Dunn’s post hoc test.
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expressing oocytes without coexpression of Cx30, Pitstop-2
treatment significantly increased ΔIAmi by about twofold
compared with ΔIAmi measured in oocytes after mock incu-
bation (Fig. 15, A and C). This increase of ΔIAmi may be
explained by an effective inhibition of clathrin-mediated ENaC
retrieval by Pitstop-2 while channel insertion into the plasma
membrane continues to occur resulting in a net increase of
channel expression at the cell surface. Importantly, in oocytes
coexpressing ENaC with Cx30, the relative stimulatory effect
of Pitstop-2 on ΔIAmi was much more pronounced with an
average increase of about fivefold (Fig. 15, B and C). Moreover,
ΔIAmi values in Pitstop-2-treated oocytes coexpressing ENaC
and Cx30 reached a level similar to that observed in mock-
treated oocytes expressing ENaC alone. Thus, inhibition of
clathrin-mediated endocytosis by Pitstop-2 significantly
reduced the inhibitory effect of Cx30 on ENaC (Fig. 15D).
Taken together these findings indicate that clathrin-mediated
endocytosis is critically involved in the downregulation of
ENaC by Cx30. Next, we introduced mutations in γENaC
resulting in truncations before (γK626X) or after (γA635X) the
YxxΦ-motif. Importantly, deleting the YxxΦ-motif by the
γK626X mutation increased ΔIAmi and significantly reduced the
relative inhibitory effect of Cx30 on ENaC (Fig. 16). In
contrast, truncating the C terminus after the YxxΦ-motif
(γA635X) affected neither the basal ΔIAmi nor the relative
inhibitory effect of Cx30 on ENaC (Fig. 16). These data indi-
cate that the intact YxxΦ-motif in γENaC is critically impor-
tant for the Cx30-mediated ENaC inhibition. To investigate
this further, we substituted the critical leucine (γL630) to a
negatively charged aspartate (γL630D). This increased basal
ΔIAmi (by about 44%, Fig. 16A) and reduced the degree of
Cx30-mediated ENaC inhibition (Fig. 16B). Substitution of the
homologous leucine in the YxxΦ-motif of β-ENaC to aspartate
(βL623D) or the simultaneous substitution of both leucine res-
idues in β- and γ-ENaC (βL623DγL630D) also increased basal
ΔIAmi and reduced the inhibitory effect of Cx30 on ENaC
(Fig. 16). Thus, our data highlight the crucial role of the
C-terminal YxxΦ-motifs of β- and γENaC in Cx30-mediated
ENaC inhibition. Collectively, our findings demonstrate that
enhanced clathrin-mediated channel retrieval is mainly
responsible for the inhibitory effect of Cx30 on ENaC.

Discussion

In the current paper, we investigated the functional inter-
action of human αβγENaC with human Cx30 heterologously
expressed in X. laevis oocytes. We made the following obser-
vations: 1) coexpression of Cx30 significantly reduced ENaC-
mediated currents by decreasing channel surface expression
due to enhanced channel retrieval; 2) Cx30 had no noticeable
effect on proteolytic activation and single-channel properties
of ENaC; 3) ENaC inhibition by Cx30 was prevented by
inhibiting Cx30 channel function with carbenoxolone or a
point mutation; 4) the inhibitory effect of Cx30 depended on
the C-termini of β- and γENaC without involving a Nedd4-2-
dependent mechanism; 5) inhibition of clathrin-mediated
endocytosis with Pitstop-2 or by mutating putative AP-2
recognition motifs (YxxФ) in the C-termini of β- and/or
γENaC significantly reduced the inhibitory effect of Cx30 on
ENaC. These findings indicate that enhanced clathrin-
mediated channel retrieval from the cell surface is the major
mechanism of ENaC inhibition by Cx30.

Previously, it has been proposed that Cx30 hemichannels
modulate ENaC activity in the mouse distal tubule by
mediating flow-sensitive release of ATP mainly from inter-
calated cells (34, 47, 75). The released ATP is thought to
inhibit ENaC in principal cells in an autocrine/paracrine
J. Biol. Chem. (2021) 296 100404 15



Figure 15. Inhibition of clathrin-mediated endocytosis significantly decreases the inhibitory effect of Cx30 on ENaC. A and B, representative whole-
cell current traces recorded in oocytes expressing ENaC alone (left panels) or coexpressing ENaC with Cx30 (right panels) incubated for 1 h in standard
incubation solution containing 0.02% DMSO (A; mock incubation) or 30 μM Pitstop-2 with 0.02% DMSO (B; Pitstop-2 was dissolved in DMSO to prepare
a stock solution). Application of amiloride (Ami, 2 μM) is indicated by filled bars. Dashed lines indicate zero current level. C, ΔIAmi values from similar
experiments as shown in the representative traces in A and B. Mean ± SEM and data points for individual oocytes are shown; ***p < 0.001; Kruskall–Wallis
with Dunn’s post hoc test (n = 36 for each group, N = 3). D, relative inhibitory effect of Cx30 on ENaC calculated from the data shown in C essentially as
described in Figure 3. DMSO, dimethyl sulfoxide. Mean ± SEM and data points for individual oocytes are shown; ***p < 0.001; Mann–Whitney test.
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manner via P2Y2-dependent purinergic signaling causing a
rise in intracellular Ca2+. However, endogenous expression of
purinergic receptors, and hence the responsiveness to
extracellular ATP, is negligible in X. laevis oocytes (76, 77).
Moreover, it has been reported that application of ATP does
not inhibit ENaC-mediated currents in the oocyte expression
system (78). This argues against a role of Cx30-mediated ATP
release in mediating the inhibitory effect of Cx30 on ENaC
observed in the present study, but does not rule out the
possibility that purinergic signaling contributes to the
inhibitory effect of Cx30 on ENaC in native renal tubules.
Interestingly, Cx30 hemichannels mediate not only the efflux
of ATP but also of a variety of other signaling molecules
including NAD+, glutathione, glutamate, PGE2, or poly-
amines (43–45). Thus, it is conceivable that in addition to
ATP, other signaling molecules released by Cx30 may affect
ENaC activity. Future studies are needed to explore the po-
tential relevance of such factors.

Expression of Cx30 hemichannels in oocytes resulted in
the appearance of a small carbenoxolone-sensitive cation
conductance in the presence of divalent cations. This indicates
16 J. Biol. Chem. (2021) 296 100404
that Cx30 has residual hemichannel activity in the
plasma membrane even in the presence of physiological con-
centrations of Ca2+ and Mg2+ in the extracellular solution.
Inhibiting Cx30 channel activity by carbenoxolone largely
prevented the inhibitory effect of Cx30 on ENaC. Moreover, a
point mutation (M34A) that abolishes Cx30 ion channel
function, without affecting its intracellular and cell surface
expression, prevented its inhibitory effect on ENaC. These
findings indicate that channel activity of Cx30 is required for
its inhibitory effect on ENaC. Moreover, increasing the Ca2+

concentration from 1.8 mM to 3.6 mM in the incubation
medium significantly reduced the inhibitory effect of Cx30
coexpression on ENaC, whereas decreasing the Ca2+ concen-
tration from 1.8 mM to 0.9 mM had an opposite effect. This
further supports the conclusion that the inhibitory effect of
Cx30 depends on its ion channel function, because it is known
to be inhibited by extracellular Ca2+ (61). The reduction of
Cx30 hemichannel activity may prevent the passage of regu-
latory factors (e.g., ions and/or larger signaling molecules)
through Cx30, thereby attenuating its inhibitory effect on
ENaC.



Figure 16. YxxΦ-motif of β- and γENaC is critically involved in Cx30-mediated ENaC inhibition. A, ΔIAmi values obtained in oocytes expressing wild-
type (αβγ), truncated (αβγK626X, αβγA635X), or mutant (αβγL630D, αβL623Dγ, αβL623DγL630D) ENaC with or without Cx30 were normalized as described in
Figure 12A. Mean ± SEM and data points for individual oocytes are shown; ***p < 0.001; **p < 0.01; n.s., not significant; Kruskall–Wallis with Dunn’s post hoc
test (30 ≤ n ≤ 172, 3 ≤ N ≤ 4). B, relative inhibitory effect of Cx30 on wild-type (αβγ), truncated (αβγK626X, αβγA635X), or mutant (αβγL630D, αβL623Dγ,
αβL623DγL630D) ENaC calculated as described in Figure 12B using original data shown in (A). Mean ± SEM and data points for individual oocytes are shown;
***p < 0.001; n.s., not significant; Kruskall–Wallis with Dunn’s post hoc test.
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It is well established that ENaC can be inhibited by intra-
cellular Na+ due to so-called Na+ feedback inhibition (79–83).
In the oocyte system, this mechanism is activated by intra-
cellular Na+ concentrations above 30 to 40 mM and probably
involves the PPPxY-motifs and Nedd4-2-dependent mecha-
nisms (80, 81, 83, 84). In the present study, oocytes were
incubated after cRNA injection in a solution with a relatively
low Na+ concentration (approximately 14 mM), which we
routinely use to minimize ENaC-mediated Na+ influx and
subsequent Na+ feedback inhibition (63, 82, 85). Moreover, we
demonstrated that the inhibitory effect of Cx30 was not
affected by coexpressing catalytically inactive Xenopus
xNedd4-CS. Thus, under our experimental conditions, it is
unlikely that Cx30-mediated Na+ influx and Nedd4-2-
dependent Na+ feedback inhibition contribute to the inhibi-
tory effect of Cx30 on ENaC. However, a minor contribution
cannot be ruled out and may play a role under conditions with
enhanced Cx30-mediated Na+ influx.

It has been shown that Cx26, a close homologue of Cx30, is
permeable for Ca2+ (86). Interestingly, in Cx30 expressing
oocytes, reapplication of divalent cations after divalent cation
removal regularly elicited a rapid and transient inward current
peak (Figs. 1A and 3A), which preceded the inhibitory effect of
divalent cations on Cx30-mediated inward currents. Such a
peak response is a well-known phenomenon in oocytes and
most likely caused by a transient stimulation of Ca2+-activated
chloride channels (53, 64, 87). This suggests that Cx30 may not
be fully blocked in the presence of physiological concentra-
tions of divalent cations on the extracellular side, but may be
slightly permeable for Ca2+ and therefore stimulate Ca2+

signaling pathways. Previous studies provide evidence that an
increased intracellular Ca2+ concentration downregulates
ENaC by complex mechanisms (79, 88–93). However, as
mentioned above, there was an inverse relationship between
the extracellular Ca2+ concentration and the inhibitory effect
of Cx30 on ENaC. Moreover, replacing extracellular Ca2+ with
equimolar Ba2+ did not prevent the inhibitory effect of Cx30
on ENaC, but rather enhanced it. Thus, the inhibitory effect of
Cx30 on ENaC does not require the presence of Ca2+ in the
extracellular solution. Therefore, it is unlikely that Cx30-
mediated Ca2+ influx is essential for causing ENaC inhibi-
tion. Nevertheless, we cannot exclude the possibility that Ba2+

may pass through Cx30 and stimulate intracellular signaling
pathways, which are normally activated by Ca2+. Examples can
be found in the literature that Ba2+ can substitute for Ca2+ in
mediating biological responses (94–96).

Our data clearly demonstrate that Cx30 decreases ENaC
surface expression by enhancing channel retrieval without
having a significant effect on the total intracellular amount of
ENaC, its single-channel properties, or proteolytic processing.
Moreover, our findings indicate that the C-termini of β- and
γENaC are critically important for the inhibitory effect of Cx30
on ENaC. It is generally accepted that C-termini of β- and
γENaC play the most important role in regulating channel
surface expression due to the presence of conserved PPPxY-
motifs (4, 7, 15, 16). Naturally occurring mutations causing
C-terminal truncations in β- or γENaC are known to cause
Liddle syndrome—a severe form of salt-sensitive arterial hy-
pertension (9, 97, 98). The PPPxY-motifs are binding sites for
the ubiquitin ligase Nedd4-2, which ubiquitinates the N-
termini of ENaC and promotes channel internalization and
degradation (13, 15–21). As stated above, Nedd4-2-dependent
ENaC retrieval from the cell surface is thought to play a major
role in Na+ feedback inhibition (80, 83, 84). Moreover, it is
critically involved in mediating ENaC inhibition by proges-
terone (99) and channel phosphorylation, e.g., by ERK or CK-2
kinases (100–102). The present study indicates that the
conserved prolines of the PPPxY-motifs and Nedd4-2-
J. Biol. Chem. (2021) 296 100404 17
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dependent mechanisms are not critically involved in mediating
ENaC inhibition by Cx30. In contrast, we demonstrate that
pharmacological inhibition of clathrin-mediated endocytosis
by Pitstop-2 largely reduced ENaC inhibition by Cx30.
Importantly, truncating the YxxΦ-motif in γ-ENaC or
replacing leucine residues by negatively charged residues in the
YxxΦ-motifs of γ-ENaC and/or β-ENaC not only increased
baseline ENaC currents but also significantly reduced the
inhibitory effect of Cx30 on ENaC. Furthermore, Cx30-
mediated ENaC inhibition was slightly but significantly
reduced by mutating the critical tyrosine residues, which are
part of the PPPxY-motifs but also of the YxxΦ-motifs. Taken
together, these findings suggest that coexpression of Cx30
stimulates YxxΦ-motif-dependent clathrin-mediated retrieval
of ENaC from the cell surface. YxxΦ-motifs are well-known
binding sites for μAP2 and are critically involved in clathrin-
mediated endocytosis of various cell surface proteins
including ionotropic GABAA and P2X4 receptors (26, 28, 29).
Our finding that the inhibitory effect of Cx30 was not affected
by catalytically inactive Xenopus xNedd4-CS indicates that the
stimulatory effect of Cx30 on clathrin-mediated endocytosis of
ENaC is independent of Nedd4-2. This supports the previously
proposed concept of two independent pathways of ENaC
retrieval, i.e., Nedd4-2-mediated and AP2-mediated (30).
Interestingly, in a previous study it has been demonstrated that
the disruption of the Nedd4-2-binding motifs dramatically
reduced ENaC endocytosis, whereas mutating the YxxΦ-motif
had no effect on the rate of ENaC retrieval (65). However, in
the latter study, a threonine residue within the YxxΦ-motif of
γENaC was mutated to alanine (γT629A). This mutation has
been reported to disrupt ENaC precipitation with AP2 and to
prevent ENaC stimulation by coexpression of dominant
negative dynamin, which blocks endocytosis via clathrin-
coated pits (30). Interestingly, this threonine residue pre-
cedes the critical leucine residue mutated in the current study,
and its substitution by alanine may not fully abolish the
function of the YxxΦ-motif. Moreover, different expression
systems may account for some of the discrepant findings. For
example, Nedd4-2 overexpression increased ENaC endocytosis
in human embryonic kidney 293 cells but not in Fischer rat
thyroid epithelial cells (65). Thus, it is tempting to speculate
that an alternative usage of Nedd4-2-mediated or AP2-
mediated ENaC retrieval may be physiologically important to
regulate ENaC expression at the cell surface in a tissue-specific
manner. In Liddle patients, C-terminal truncations of β- and
γENaC not only disrupt the PPPxY-motif of the affected
subunit but can also affect the YxxΦ-motifs. Therefore, both
pathways involved in ENaC retrieval may contribute to the
pathophysiology of Liddle syndrome.

The direct mechanistic link of how Cx30 ion channel
function promotes clathrin-mediated ENaC endocytosis re-
mains to be elucidated. In this context, additional studies are
needed to identify the relevant ions and/or signaling mole-
cules, which enter the cell and/or are released from the cell
through Cx30 hemichannels and are responsible for stimu-
lating the endocytic machinery. It is also still unclear whether
Cx30 mediates its inhibitory effect on ENaC mainly in a
18 J. Biol. Chem. (2021) 296 100404
paracrine/autocrine manner or whether Cx30 has to be
coexpressed in the same cell to stimulate clathrin-mediated
ENaC retrieval. Moreover, it will be important to determine
the specificity of the effect of Cx30 on ENaC, because a
stimulation of clathrin-mediated endocytosis by Cx30 may
affect the retrieval of a wide range of membrane proteins. For
example, we observed in pilot experiments that Cx30 coex-
pression significantly reduced ROMK-mediated currents in
the oocyte expression system (data not shown). ROMK is a
secretory K+ channel colocalized with ENaC in the apical
membrane of CD principal cells and known to be internalized
in a clathrin-dependent manner (103, 104). However, there is
no indication for increased ROMK function in Cx30−/− mice
due to reduced clathrin-mediated ROMK retrieval. In partic-
ular, Cx30−/− mice are not hypokalemic (34), which would be
an expected consequence of an increased ROMK activity in the
context of an increased ENaC activity enhancing the electro-
chemical driving force for renal potassium secretion through
ROMK. Moreover, pressure-induced natriuresis was signifi-
cantly blunted in Cx30−/− mice, but there was no difference in
pressure-induced kaliuresis in wild-type and Cx30−/− mice
(34). These findings suggest that Cx30 deficiency enhances
ENaC activity without affecting ROMK activity, which in-
dicates some degree of specificity of the functional interaction
between Cx30 and ENaC in vivo. The precise localization of
Cx30 in the luminal membrane of distal tubular epithelium
varies in different species (33). Interestingly, in mice, Cx30
expression was found to be particularly strong in the apical
membrane of intercalated cells of CDs (33). Therefore, Cx30
may also regulate ion channels expressed in intercalated cells,
which remains to be investigated.

It will also be of interest to explore whether other connexins
may affect clathrin-mediated endocytosis. Indeed, in pre-
liminary experiments, we observed that coexpression of Cx37
also significantly reduced ENaC-mediated currents in the
oocyte expression system (data not shown). However, only
basolateral localization of Cx37 has been described in various
nephron segments (105) and Cx37−/− mice lack an obvious
renal phenotype (35, 106). Thus, Cx30 is a more likely
candidate than Cx37 to modulate ENaC function in vivo.
Nevertheless, modulation of ion channel function by connexin
hemichannels via stimulation of clathrin-mediated endocy-
tosis may not be limited to ENaC and Cx30 but may represent
a more general regulatory mechanism.

In conclusion, the in vitro findings of the present study
reveal a novel mechanism of ENaC inhibition by Cx30.
Absence of this inhibitory effect may contribute to increased
ENaC activity and salt-sensitive hypertension in mice with
Cx30 deficiency (33–37). Moreover, this study highlights the
regulatory potential of modifying the rate of clathrin-mediated
channel retrieval to adjust ENaC expression at the cell surface.
Experimental procedures

cDNA clones and antisense oligonucleotides

Full-length cDNAs for human α-, β-, and γENaC were
kindly provided by H. Cuppens (Leuven, Belgium). Full-length
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cDNA encoding human connexin 30 (Cx30) was provided by
Source BioScience UK Limited (I.M.A.G.E. Clone ID 5196769;
(107)). Full-length cDNA for catalytically inactive X. laevis
Nedd4-2 (xNedd4-CS; (73)) was kindly provided by O. Staub
(Lausanne, Switzerland). cDNAs were subcloned into the
pTLN vector (108). Linearized plasmids were used as tem-
plates for cRNA synthesis using T7 RNA polymerases
(mMessage mMachine, Ambion). Truncations and single-
point mutations in ENaC subunits as well as single-point
mutation (M34A) and C-terminal insertion of V5-tag in
Cx30 were generated using QuikChange Lightening site-
directed mutagenesis kit (Agilent Technologies). Sequences
were confirmed by sequence analysis (LGC Genomics). An
antisense phosphothioate-oligoDNA against X. laevis Cx38
was synthesized by biomers.net GmbH.

Chemicals

The sulfhydryl reagent MTSET was obtained from Biotium.
Amiloride hydrochloride, connexin inhibitor carbenoxolone,
clathrin inhibitor Pitstop-2, and α-chymotrypsin type II from
bovine pancreas were purchased from Sigma-Aldrich.

Isolation of oocytes and two-electrode voltage clamp
experiments

Isolation of oocytes and two-electrode voltage clamp ex-
periments were performed essentially as described previously
(64, 68, 69, 71, 109). Defolliculated stage V to VI oocytes were
obtained from ovarian lobes of adult female X. laevis in
accordance with the principles of German legislation, with
approval by the animal welfare officer for the University of
Erlangen-Nürnberg and under the governance of the state
veterinary health inspectorate (approval number Az. 55.2-
2532-2-527). Animals were anesthetized in 0.2% MS222
(Sigma), and ovarian lobes were obtained by a small abdominal
incision. Oocytes were injected with the same amount (0.1 ng
unless stated otherwise) of cRNA per ENaC subunit (α, β and
γ) per oocyte. Unless stated otherwise, 2 ng of human Cx30
cRNA was injected. The amount of X. laevis xNedd4-CS cRNA
was 3 ng per oocyte. To suppress the expression and possible
interference of endogenous connexin 38 (Cx38) hemichannels,
an established approach (50, 51) was used, i.e., 3 ng of the
antisense phosphothioate-oligoDNA against Cx38 (AS Cx38)
corresponding to nucleotides −5 to +25 of the coding region of
Cx38 (50-GCT TTA GTA ATT CCC ATC CTG CCA TGT
TTC-30) was routinely coinjected into the oocytes together
with ENaC and/or Cx30 cRNA. To prevent Na+ overloading,
which would reduce ENaC cell surface expression, injected
oocytes were maintained in a low-sodium ND9 solution (in
mM: 9 NaCl, 2 KCl, 87 N-methyl-D-glutamine-Cl, 1.8 CaCl2, 1
MgCl2, 5 HEPES, pH 7.4 adjusted with Tris) supplemented
with 100 units/ml sodium penicillin and 100 μg/ml strepto-
mycin sulphate. Unless stated otherwise, concentration of
CaCl2 in ND9 incubation solution was 1.8 mM. Penicillin and
streptomycin were omitted from ND9 when 1.8 mM CaCl2
was replaced by 1.8 mM BaCl2 to avoid precipitation of
insoluble salts. Oocytes were studied 48 h after cRNA and AS
Cx38 injection. Bath solution exchanges with a gravity-fed
system were controlled by a magnetic valve system (ALA
BPS-8) in combination with a TIB14 interface (HEKA). An
individual oocyte was placed in an experimental chamber with
a narrow flow channel (length: 45 mm; height: 3 mm; width:
3 mm) with a U-shaped cross section of �8 mm2. The oocyte
was positioned in the experimental chamber close to the site of
solution inflow and was held in place by the impaling micro-
electrodes. To achieve rapid and reproducible solution ex-
changes at the oocyte, the perfusion rate was carefully adjusted
for each experimental solution to �10 ml/min, resulting in a
flow velocity of �20 mm/s. The flow channel drained into a
reservoir (2 cm × 1 cm) from which the solution was contin-
uously removed via a suction tube. The suction tube was
adjusted to maintain the fluid level in the flow channel at
�2 mm. Oocytes were clamped at a holding potential
of −60 mV using an OC-725C amplifier (Warner Instruments)
connected by a LIH-1600 (HEKA) to a personal computer.
Pulse 8.78 software (HEKA) was used for data acquisition.
ENaC-mediated whole-cell currents (ΔIAmi) were determined
by washing out amiloride (2 μM) with amiloride-free bath
solution and subtracting the whole-cell currents measured in
the presence of amiloride from the corresponding whole-cell
currents recorded in the absence of amiloride. ND96 solu-
tion was used as standard bath solution (in mM: 96 NaCl, 2
KCl, 1.8 CaCl2, 1 MgCl2, 5 HEPES, pH 7.4 adjusted with Tris).
Activity of Cx30 (or Cx38) was revealed by measuring whole-
cell currents (ΔICa2+Mg

2+
-Removal) elicited by extracellular

removal of divalent cations (Ca2+, Mg2+). To obtain a Ca2+ and
Mg2+ -free bath solution, 2 mM EDTA was added instead of
1.8 mM CaCl2 and 1 MgCl2 (in mM: 96 NaCl, 2 KCl, 2 EDTA,
5 HEPES, pH 7.4 adjusted with Tris). NaCl (95 mM) was
replaced by NMDG-Cl to obtain a low-sodium NMDG-Cl
bath solution (in mM: 95 NMDG-Cl, 1 NaCl, 2 KCl, 1.8 CaCl2,
1 MgCl2, 5 HEPES, 7.4 pH adjusted with Tris). The residual
activity of Cx30 in the presence of divalent cations (1.8 mM
Ca2+, 1 mM Mg2+) was assessed using the unspecific connexin
inhibitor carbenoxolone (1 mM).

The cation permeability ratio, PNMDG/PNa, was calculated
using the following equation (110):

PNMDG

.
PNa ¼ eΔErevF=RT

where ΔErev is the shift of the reversal potential ðErevÞ caused
by replacing Na+ in the bath solution with NMDG+, F is
Faraday’s constant, R is the universal gas constant, and T is the
absolute temperature.

ΔIRetrieval (see Fig. 9) was calculated according to the
following equation:

ΔIRetrieval ¼ ΔIAmið0 minÞ−ðΔIAmið70 minÞ −ΔIInsertionÞ
ΔIInsertion, i.e., the component of ΔIAmi (70 min) mediated by

MTSET responsive channels newly inserted into the plasma
membrane within 70 min, was calculated from the ΔIAmi in-
crease due to the second application of MTSET (ΔI2nd MTSET)
J. Biol. Chem. (2021) 296 100404 19
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according to the following equation, which takes into consid-
eration the increase in Po due to MTSET:

ΔIInsertion ¼ ΔI2nd MTSET Po ðinitialÞ = ð1−Po ðinitialÞÞ

where Po (initial) was calculated as follows:

Po ðinitialÞ ¼ΔIAmi ðbefore 1st MTSETÞ
�
ΔIAmi ð0 minÞ

This calculation is based on the assumption that average Po
of ENaC before the first exposure to MTSET is similar to that
of newly inserted channels before the second MTSET appli-
cation. Moreover, it was assumed that when MTSET was
applied for a second time, it only increased Po of newly
inserted channels to �1 and had no effect on channels cova-
lently modified by the first MTSET application.

Surface expression assay and western blot analysis

Surface ENaC expression was determined using a chem-
iluminescence assay as described previously (62–64). For these
experiments, cRNAs (0.6 ng per oocyte per subunit) encoding
wild-type α- and γ-ENaC were coinjected with cRNA encoding
β-ENaC with a FLAG tag inserted into its extracellular loop.
Mouse monoclonal anti-FLAG M2 antibody (Sigma-Aldrich)
as primary antibody and peroxidase-conjugated sheep anti-
mouse IgG (Chemicon) as secondary antibody were used. In-
dividual oocytes were placed in a white U-bottom 96-well
plate, and 50 μl of SuperSignal ELISA femto maximum
sensitivity substrate (Thermo Scientific) was added to each
oocyte. Chemiluminescence was quantified with a Tecan
GENios microplate reader (TECAN). Results are given in
relative light units (RLU).

To separate cell surface expressed Cx30 from intracellular
Cx30, cell surface proteins were labeled with biotin essentially
as described previously (64, 102). Oocytes (30/group) were
incubated for 15 min in a biotinylation buffer (2.5 ml; pH 9.5)
containing 10 mM triethanolamine, 150 mM NaCl, 2 mM
CaCl2, and 1 mg ml−1 EZ-linked sulfo-NHS-SS-Biotin (Pierce).
After biotinylation was completed, oocytes were lysed in ho-
mogenization buffer (1 ml; pH 7.9) containing 83 mM NaCl,
10 mM HEPES, 1 mM MgCl2, supplemented with 0.5% Triton
X-100, 0.5% Igepal CA-630 (Sigma-Aldrich) and a protease
inhibitor cocktail (complete EDTA-free, Roche Diagnostics).
The lysate was centrifuged for 10 min at 1000g to remove cell
debris and yolk proteins. The protein concentration of the
resulting cell lysate was determined with a BCA-assay (Pierce).
By adding 100 μl of immunopure immobilized NeutrAvidin
Agarose beads (Pierce) to �850 μl of this lysate, biotinylated
proteins were precipitated on a rotating wheel at 4 �C over-
night. After subsequent centrifugation at 1000g for 3 min,
beads (with bound cell surface proteins) and supernatant
(intracellular proteins) were boiled for 5 min at 95 �C with
sodium dodecyl sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE) sample buffer (Rotiload 1, Roth). Cell surface
proteins were separated from beads by centrifugation at
16,000g for 3 min. The resulting preparation of cell surface
20 J. Biol. Chem. (2021) 296 100404
proteins (30 μl of the total volume of �90 μl) and intracellular
proteins (30 μg of total protein) was loaded on the 10%
SDS-PAGE and transferred to polyvinylidene fluoride (PVDF)
membranes by semidry electroblotting. V5-tagged Cx30 was
detected using mouse monoclonal anti-V5 antibody (Invi-
trogen) at a dilution of 1:1000 and a secondary horseradish-
peroxidase-labeled goat anti-mouse antibody (Abcam) at a
dilution of 1:50,000. To validate separation of cell surface
proteins from intracellular proteins by biotinylation, blots were
stripped and reprobed using a polyclonal rabbit anti-β-actin
antiserum (Sigma-Aldrich) at a dilution of 1:5000.

To estimate total ENaC expression in whole-cell lysates, 25
oocytes per group were homogenized with a 27-gauge needle
in 1 ml of homogenization buffer (in mM: 10 HEPES, 83 NaCl,
1 MgCl2, pH 7.9) supplemented with protease inhibitor
mixture (“Complete EDTA-free” protease inhibitor mixture
tablets, Roche Diagnostics). The lysates were centrifuged for
10 min at 1000g and supernatants were incubated with 1%
Triton X-100 on ice for 40 min. All samples were boiled for
5 min at 95 �C and subjected to 10% SDS-PAGE using 40 μg of
total protein per lane. After separation, proteins were trans-
ferred to PVDF membranes by semidry electroblotting and
probed with a subunit-specific antibodies against human α-
(1:5000), β- (1:10,000), or γ-ENaC (1:5000) obtained from
Pineda Antibody Service as described previously (64, 70, 71).
Horseradish-peroxidase-labeled secondary goat anti-rabbit
antibodies were purchased from Santa Cruz Biotechnology
and used at a dilution of 1:50,000. Chemiluminescence signals
were detected using Super Signal West Femto (Thermo Sci-
entific). Densitometry was performed using ImageJ (National
Institutes of Health, Bethesda, MD). ATX Ponceau S (Fluka)
membrane staining was used to control protein loading.

Single-channel recordings in outside-out patches

Single-channel recordings in outside-out membrane patches
of αβγENaC expressing oocytes were performed 48 h after
cRNA injection essentially as described previously (64, 68, 109)
using conventional patch clamp technique. Patch pipettes were
pulled from borosilicate glass capillaries and had a tip diameter
of about 1 to 1.5 μm after fire polishing. Pipettes were filled
with K-gluconate pipette solution (in mM: 90 K-gluconate,
5 NaCl, 2 Mg-ATP, 2 EGTA, and 10 HEPES, pH 7.2 with Tris).
Modified ND96 solution was used as bath solution (in mM: 96
NaCl, 4 KCl, 1 CaCl2, 1 MgCl2, and 10 HEPES, pH 7.4 adjusted
with Tris). Seals were routinely formed in low-sodium
NMDG-Cl bath solution in which NaCl (95 mM) was
replaced by NMDG-Cl (95 mM). In this bath solution, the
pipette resistance averaged about 7 MΩ. After seal formation,
the NMDG-Cl solution was switched to a standard NaCl bath
solution. For continuous current recordings, the holding po-
tential was set to −70 mV using an EPC9 amplifier (HEKA).
Using a 3 M KCl flowing boundary electrode, the liquid
junction (LJ) potential occurring at the pipette/NaCl bath
junction was measured to be 12 mV (bath positive) (111).
Thus, at a holding potential of −70 mV, the effective trans-
patch potential was −82 mV. This value is close to the
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calculated equilibrium potential of Cl− (ECl
− =−77.4 mV) and

K+ (EK
+ =−79.4 mV) under our experimental conditions. Ex-

periments were performed at room temperature. To change
from one bath solution to another, a conventional gravity-fed
system controlled by a magnetic valve system (ALA BPS-8)
was used in combination with a TIB14 interface (HEKA).
Pulse 8.78 software (HEKA) was used for data acquisition.
Single-channel current data were initially filtered at 1.25 kHz
and sampled at 5 kHz. The current traces were digitally refil-
tered at 250 Hz to resolve the single-channel current ampli-
tude (i) and channel activity. The latter was derived from
binned amplitude histograms as the product NPo (64, 109, 111,
112). The current level at which all channels are closed was
determined in the presence of 2 μM amiloride. The apparent
number of active channels (apparent N) in a patch was
determined by visual inspection of the current traces.
Apparent channel open probability Po(app) was calculated by
dividing NPo by apparent N for recordings with no more than
three active channels in the patch (1 ≤ N ≤ 3). Single-channel
data were analyzed using the program Nest-o-Patch written by
Dr V. Nesterov (Institut für Zelluläre und Molekulare Physi-
ologie, Friedrich-Alexander-Universität Erlangen-Nürnberg,
Erlangen, Germany).

Statistical analysis

Data are presented as mean ± SEM. Normal distribution of
data was assessed using D’Agostino–Pearson omnibus test.
Statistical significance was assessed by an appropriate para-
metric test: ANOVA (with Bonferroni post hoc test) or
Student’s t-test or by a nonparametric test: Kruskal–Wallis
(with Dunn’s post hoc test), Mann–Whitney, or Wilcoxon
signed-rank test as indicated. N indicates the number of
different batches of oocytes, and n indicates the number of
individual oocytes studied per experimental group. Statistical
analysis was performed using Graph Pad Prism 5.04.
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All data are contained within the article.

Acknowledgments—The expert technical assistance of Ralf Rinke is
gratefully acknowledged.

Author contributions—A. V. I., A. D., and C. K. designed the study
and interpreted the data. A. V. I. and A. D. performed the experi-
ments, analyzed the raw data, prepared the figures, and drafted the
article. C. K. coordinated the study and finalized the article. All the
authors approved the final version of the article.

Funding and additional information—Funded by the Deutsche
Forschungsgemeinschaft (DFG, German Research Foundation),
project number 387509280, SFB 1350 (subproject A4 to C. K.).

Conflict of interest—The authors declare that they have no conflicts
of interest with the contents of this article.

Abbreviations—The abbreviations used are: ANOVA, analysis of
variance; AP-2, clathrin adaptor protein 2; ASDN, aldosterone-
sensitive distal nephron; CD, collecting duct; cDNA, complemen-
tary DNA; CNT, connecting tubule; cRNA, complementary RNA;
Cx, connexin; DCT2, late distal convoluted tubule; ENaC, epithelial
sodium channel; GJ, gap-junctions; LJ, liquid junction; MTSET, (2-
(trimethylammonium)ethyl) methanethiosulfonate bromide;
Nedd4-2, neural precursor cell expressed developmentally down-
regulated protein 4-2; NMDG, N-methyl-D-glucamine; Po, channel
open probability; PVDF, polyvinylidene fluoride; SDS-PAGE, so-
dium dodecyl sulphate-polyacrylamide gel electrophoresis; Sgk1,
serum and glucocorticoid-induced kinase 1.

References

1. Noreng, S., Bharadwaj, A., Posert, R., Yoshioka, C., and Baconguis, I.
(2018) Structure of the human epithelial sodium channel by cryo-
electron microscopy. Elife 7, e39340

2. Garty, H., and Palmer, L. G. (1997) Epithelial sodium channels: Func-
tion, structure, and regulation. Physiol. Rev. 77, 359–396

3. Loffing, J., and Korbmacher, C. (2009) Regulated sodium transport in the
renal connecting tubule (CNT) via the epithelial sodium channel
(ENaC). Pflügers Arch. 458, 111–135

4. Rossier, B. C. (2014) Epithelial sodium channel (ENaC) and the control
of blood pressure. Curr. Opin. Pharmacol. 15, 33–46

5. Snyder, P. M. (2005) Minireview: Regulation of epithelial Na+ channel
trafficking. Endocrinology 146, 5079–5085

6. Butterworth, M. B., Edinger, R. S., Frizzell, R. A., and Johnson, J. P.
(2009) Regulation of the epithelial sodium channel by membrane traf-
ficking. Am. J. Physiol. Renal Physiol. 296, F10–F24

7. Bhalla, V., Soundararajan, R., Pao, A. C., Li, H., and Pearce, D. (2006)
Disinhibitory pathways for control of sodium transport: Regulation of
ENaC by SGK1 and GILZ. Am. J. Physiol. Renal Physiol. 291, F714–F721

8. Nesterov, V., Dahlmann, A., Krueger, B., Bertog, M., Loffing, J., and
Korbmacher, C. (2012) Aldosterone-dependent and -independent
regulation of the epithelial sodium channel (ENaC) in mouse distal
nephron. Am. J. Physiol. Renal Physiol. 303, F1289–F1299

9. Nesterov, V., Krueger, B., Bertog, M., Dahlmann, A., Palmisano, R., and
Korbmacher, C. (2016) In Liddle syndrome, epithelial sodium channel is
hyperactive mainly in the early part of the aldosterone-sensitive distal
nephron. Hypertension 67, 1256–1262

10. Wu, P., Gao, Z. X., Zhang, D. D., Duan, X. P., Terker, A. S., Lin, D. H.,
Ellison, D. H., and Wang, W. H. (2020) Effect of angiotensin II on ENaC
in the distal convoluted tubule and in the cortical collecting duct of
mineralocorticoid receptor deficient mice. J. Am. Heart Assoc. 9,
e014996

11. Frindt, G., Gravotta, D., and Palmer, L. G. (2016) Regulation of ENaC
trafficking in rat kidney. J. Gen. Physiol. 147, 217–227

12. Frindt, G., Bertog, M., Korbmacher, C., and Palmer, L. G. (2020)
Ubiquitination of renal ENaC subunits in vivo. Am. J. Physiol. Renal
Physiol. 318, F1113–F1121

13. Debonneville, C., Flores, S. Y., Kamynina, E., Plant, P. J., Tauxe, C.,
Thomas, M. A., Münster, C., Chraibi, A., Pratt, J. H., Horisberger, J. D.,
Pearce, D., Loffing, J., and Staub, O. (2001) Phosphorylation of Nedd-4-2
by Sgk1 regulates epithelial Na+ channel cell surface expression. EMBO
J. 20, 7052–7059

14. Flores, S. Y., Loffing-Cueni, D., Kamynina, E., Daidie, D., Gerbex, C.,
Chabanel, S., Dudler, J., Loffing, J., and Staub, O. (2005) Aldosterone-
induced serum and glucocorticoid-induced kinase 1 expression is
accompanied by Nedd4-2 phosphorylation and increased Na+ transport
in cortical collecting duct cells. J. Am. Soc. Nephrol. 16, 2279–2287

15. Snyder, P. M., Price, M. P., McDonald, F. J., Adams, C. M., Volk, K. A.,
Zeiher, B. G., Stokes, J. B., and Welsh, M. J. (1995) Mechanism by which
Liddle’s syndrome mutations increase activity of a human epithelial Na+

channel. Cell 83, 969–978
16. Schild, L., Lu, Y., Gautschi, I., Schneeberger, E., Lifton, R. P., and

Rossier, B. C. (1996) Identification of a PY motif in the epithelial Na
J. Biol. Chem. (2021) 296 100404 21

http://refhub.elsevier.com/S0021-9258(21)00176-9/sref1
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref1
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref1
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref2
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref2
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref3
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref3
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref3
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref4
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref4
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref5
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref5
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref5
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref6
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref6
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref6
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref7
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref7
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref7
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref8
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref8
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref8
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref8
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref9
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref9
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref9
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref9
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref10
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref10
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref10
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref10
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref10
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref11
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref11
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref12
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref12
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref12
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref13
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref13
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref13
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref13
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref13
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref13
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref14
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref14
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref14
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref14
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref14
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref14
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref15
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref15
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref15
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref15
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref16
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref16


Inhibition of the epithelial sodium channel by connexin 30
channel subunits as a target sequence for mutations causing channel
activation found in Liddle syndrome. EMBO J. 15, 2381–2387

17. Staub, O., Dho, S., Henry, P., Correa, J., Ishikawa, T., McGlade, J., and
Rotin, D. (1996) WW domains of Nedd4 bind to the proline-rich PY
motifs in the epithelial Na+ channel deleted in Liddle’s syndrome. EMBO
J. 15, 2371–2380

18. Staub, O., Gautschi, I., Ishikawa, T., Breitschopf, K., Ciechanover, A.,
Schild, L., and Rotin, D. (1997) Regulation of stability and function of the
epithelial Na+ channel (ENaC) by ubiquitination. EMBO J. 16, 6325–
6336

19. Staub, O., Abriel, H., Plant, P., Ishikawa, T., Kanelis, V., Saleki, R.,
Horisberger, J. D., Schild, L., and Rotin, D. (2000) Regulation of the
epithelial Na+ channel by Nedd4 and ubiquitination. Kidney Int. 57,
809–815

20. Snyder, P. M., Olson, D. R., and Thomas, B. C. (2002) Serum and
glucocorticoid-regulated kinase modulates Nedd4-2-mediated inhibition
of the epithelial Na+ channel. J. Biol. Chem. 277, 5–8

21. Kamynina, E., and Staub, O. (2002) Concerted action of ENaC, Nedd4-2,
and Sgk1 in transepithelial Na+ transport. Am. J. Physiol. 283, F377–
F387

22. Shimkets, R. A., Lifton, R. P., and Canessa, C. M. (1997) The activity of
the epithelial sodium channel is regulated by clathrin-mediated endo-
cytosis. J. Biol. Chem. 272, 25537–25541

23. Wang, H., Traub, L. M., Weixel, K. M., Hawryluk, M. J., Shah, N.,
Edinger, R. S., Perry, C. J., Kester, L., Butterworth, M. B., Peters, K. W.,
Kleyman, T. R., Frizzell, R. A., and Johnson, J. P. (2006) Clathrin-
mediated endocytosis of the epithelial sodium channel - role of epsin. J.
Biol. Chem. 281, 14129–14135

24. Wiemuth, D., Ke, Y., Rohlfs, M., and McDonald, F. J. (2007) Epithelial
sodium channel (ENaC) is multi-ubiquitinated at the cell surface. Bio-
chem. J. 405, 147–155

25. Motley, A., Bright, N. A., Seaman, M. N. J., and Robinson, M. S. (2003)
Clathrin-mediated endocytosis in AP-2-depleted cells. J. Cell Biol. 162,
909–918

26. Traub, L. M. (2009) Tickets to ride: Selecting cargo for clathrin-
regulated internalization. Nat. Rev. Mol. Cell Biol. 10, 583–596

27. McMahon, H. T., and Boucrot, E. (2011) Molecular mechanism and
physiological functions of clathrin-mediated endocytosis. Nat. Rev. Mol.
Cell Biol. 12, 517–533

28. Owen, D. J., and Evans, P. R. (1998) A structural explanation for the
recognition of tyrosine-based endocytotic signals. Science 282, 1327–
1332

29. Bonifacino, J. S., and Traub, L. M. (2003) Signals for sorting of trans-
membrane proteins to endosomes and lysosomes. Annu. Rev. Biochem.
72, 395–447

30. Staruschenko, A., Pochynyuk, O., and Stockand, J. D. (2005) Regulation
of epithelial Na+ channel activity by conserved serine/threonine switches
within sorting signals. J. Biol. Chem. 280, 39161–39167

31. Kleyman, T. R., Kashlan, O. B., and Hughey, R. P. (2018) Epithelial Na+

channel regulation by extracellular and intracellular factors. Annu. Rev.
Physiol. 80, 263–281

32. Rossier, B. C., and Stutts, M. J. (2009) Activation of the epithelial sodium
channel (ENaC) by serine proteases. Annu. Rev. Physiol. 71, 361–379

33. McCulloch, F., Chambrey, R., Eladari, D., and Peti-Peterdi, J. (2005)
Localization of connexin 30 in the luminal membrane of cells in the
distal nephron. Am. J. Physiol. Renal Physiol. 289, F1304–F1312

34. Sipos, A., Vargas, S. L., Toma, I., Hanner, F., Willecke, K., and
Peti-Peterdi, J. (2009) Connexin 30 deficiency impairs renal tubular
ATP release and pressure natriuresis. J. Am. Soc. Nephrol. 20,
1724–1732

35. Hanner, F., Sorensen, C. M., Holstein-Rathlou, N. H., and Peti-Peterdi, J.
(2010) Connexins and the kidney. Am. J. Physiol. Regul. Integr. Comp.
Physiol. 298, R1143–R1155

36. Mironova, E., Peti-Peterdi, J., Bugaj, V., and Stockand, J. D. (2011) Dimin-
ished paracrine regulation of the epithelial Na+ channel by purinergic
signaling in mice lacking connexin 30. J. Biol. Chem. 286, 1054–1060

37. Kurtz, A. (2012) Renal connexins and blood pressure. Biochim. Biophys.
Acta 1818, 1903–1908
22 J. Biol. Chem. (2021) 296 100404
38. Evans, W. H., and Martin, P. E. M. (2002) Gap junctions: Structure and
function (review). Mol. Membr. Biol. 19, 121–136

39. Söhl, G., and Willecke, K. (2004) Gap junctions and the connexin pro-
tein family. Cardiovasc. Res. 62, 228–232

40. Harris, A. L. (2001) Emerging issues of connexin channels: Biophysics
fills the gap. Q. Rev. Biophys. 34, 325–472

41. Goodenough, D. A., and Paul, D. L. (2003) Beyond the gap: Functions of
unpaired connexon channels. Nat. Rev. Mol. Cell Biol. 4, 285–294

42. Sáez, J. C., Retamal, M. A., Basilio, D., Bukauskas, F. F., and Bennett, M.
V. L. (2005) Connexin-based gap junction hemichannels: Gating
mechanisms. Biochim. Biophys. Acta 1711, 215–224

43. Kar, R., Batra, N., Riquelme, M. A., and Jiang, J. X. (2012) Biological role
of connexin intercellular channels and hemichannels. Arch. Biochem.
Biophys. 524, 2–15

44. Wang, N., De Bock, M., Decrock, E., Bol, M., Gadicherla, A., Vinken, M.,
Rogiers, V., Bukauskas, F. F., Bultynck, G., and Leybaert, L. (2013)
Paracrine signaling through plasma membrane hemichannels. Biochim.
Biophys. Acta 1828, 35–50

45. Enkvetchakul, D., Ebihara, L., and Nichols, C. G. (2003) Polyamine flux
in Xenopus oocytes through hemi-gap junctional channels. J. Physiol.
553, 95–100

46. Willecke, K., Eiberger, J., Degen, J., Eckardt, D., Romualdi, A., Gülde-
nagel, M., Deutsch, U., and Söhl, G. (2002) Structural and functional
diversity of connexin genes in the mouse and human genome. Biol.
Chem. 383, 725–737

47. Svenningsen, P., Burford, J. L., and Peti-Peterdi, J. (2013) ATP releasing
connexin 30 hemichannels mediate flow-induced calcium signaling in
the collecting duct. Front. Physiol. 4, 292

48. Valiunas, V., and Weingart, R. (2000) Electrical properties of gap
junction hemichannels identified in transfected HeLa cells. Pflügers
Arch. 440, 366–379

49. Müller, D. J., Hand, G. M., Engel, A., and Sosinsky, G. E. (2002)
Conformational changes in surface structures of isolated connexin 26
gap junctions. EMBO J. 21, 3598–3607

50. Bahima, L., Aleu, J., Elias, M., Martin-Satue, M., Muhaisen, A., Blasi, J.,
Marsal, J., and Solsona, C. (2006) Endogenous hemichannels play a role
in the release of ATP from Xenopus oocytes. J. Cell Physiol. 206, 95–102

51. Ebihara, L. (1996) Xenopus connexin38 forms hemi-gap-junctional
channels in the nonjunctional plasma membrane of Xenopus oocytes.
Biophys. J. 71, 742–748

52. Ebihara, L., Beyer, E. C., Swenson, K. I., Paul, D. L., and Goodenough, D.
A. (1989) Cloning and expression of a Xenopus embryonic gap junction
protein. Science 243, 1194–1195

53. Durieux, M. E., Salafranca, M. N., and Lynch, K. R. (1994) Trypsin in-
duces Ca2+-activated Cl- currents in X. laevis oocytes. FEBS Lett. 337,
235–238

54. Zhang, Y., McBride, D. W., Jr., and Hamill, O. P. (1988) The ion
selectivity of a membrane conductance inactivated by extracellular cal-
cium in Xenopus oocytes. J. Physiol. 508, 763–776

55. Eskandari, S., Zampighi, G. A., Leung, D. W., Wright, E. M., and Loo, D.
D. (2002) Inhibition of gap junction hemichannels by chloride channel
blockers. J. Membr. Biol. 185, 93–102

56. Willebrords, J., Maes, M., Yanguas, S. C., and Vinken, M. (2017) In-
hibitors of connexin and pannexin channels as potential therapeutics.
Pharmacol. Therapeut. 180, 144–160

57. Oshima, A., Tani, K., Hiroaki, Y., Fujiyoshi, Y., and Sosinsky, G. E. (2007)
Three-dimensional structure of a human connexin26 gap junction
channel reveals a plug in the vestibule. Proc. Natl. Acad. Sci. U. S. A. 104,
10034–10039

58. Oshima, A., Tani, K., Toloue, M. M., Hiroaki, Y., Smock, A., Inukai, S.,
Cone, A., Nicholson, B. J., Sosinsky, G. E., and Fujiyoshi, Y. (2011)
Asymmetric configurations and N-terminal rearrangements in con-
nexin26 gap junction channels. J. Mol. Biol. 405, 724–735

59. White, T. W., Deans, M. R., Kelsell, D. P., and Paul, D. L. (1998) Con-
nexin mutations in deafness. Nature 394, 630–631

60. Bicego, M., Beltramello, M., Melchionda, S., Carella, M., Piazza, V.,
Zelante, L., Bukauskas, F. F., Arslan, E., Cama, E., Pantano, S., Bruzzone,
R., D’Andrea, P., and Mammano, F. (2006) Pathogenetic role of the

http://refhub.elsevier.com/S0021-9258(21)00176-9/sref16
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref16
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref17
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref17
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref17
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref17
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref17
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref18
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref18
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref18
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref18
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref18
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref19
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref19
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref19
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref19
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref19
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref20
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref20
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref20
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref20
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref21
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref21
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref21
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref21
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref22
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref22
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref22
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref23
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref23
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref23
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref23
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref23
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref24
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref24
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref24
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref25
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref25
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref25
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref26
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref26
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref27
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref27
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref27
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref28
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref28
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref28
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref29
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref29
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref29
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref30
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref30
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref30
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref30
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref31
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref31
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref31
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref32
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref32
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref33
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref33
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref33
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref34
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref34
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref34
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref34
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref35
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref35
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref35
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref36
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref36
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref36
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref36
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref37
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref37
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref38
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref38
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref39
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref39
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref40
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref40
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref41
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref41
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref42
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref42
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref42
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref43
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref43
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref43
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref44
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref44
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref44
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref44
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref45
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref45
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref45
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref46
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref46
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref46
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref46
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref47
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref47
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref47
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref48
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref48
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref48
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref49
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref49
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref49
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref50
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref50
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref50
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref51
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref51
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref51
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref52
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref52
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref52
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref53
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref53
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref53
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref53
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref53
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref54
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref54
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref54
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref55
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref55
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref55
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref56
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref56
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref56
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref57
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref57
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref57
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref57
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref58
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref58
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref58
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref58
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref59
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref59
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref60
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref60
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref60


Inhibition of the epithelial sodium channel by connexin 30
deafness-related M34T mutation of Cx26. Hum. Mol. Genet. 15, 2569–
2587

61. Nielsen, B. S., Alstrom, J. S., Nicholson, B. J., Nielsen, M. S., and Mac-
Aulay, N. (2017) Permeant-specific gating of connexin 30 hemichannels.
J. Biol. Chem. 292, 19999–20009

62. Firsov, D., Schild, L., Gautschi, I., Merillat, A. M., Schneeberger, E., and
Rossier, B. C. (1996) Cell surface expression of the epithelial Na+

channel and a mutant causing Liddle syndrome: A quantitative
approach. Proc. Natl. Acad. Sci. U. S. A. 93, 15370–15375

63. Rauh, R., Dinudom, A., Fotia, A. B., Paulides, M., Kumar, S., Korb-
macher, C., and Cook, D. I. (2006) Stimulation of the epithelial sodium
channel (ENaC) by the serum- and glucocorticoid-inducible kinase (Sgk)
involves the PY motifs of the channel but is independent of sodium
feedback inhibition. Pflügers Arch. 452, 290–299

64. Diakov, A., Bera, K., Mokrushina, M., Krueger, B., and Korbmacher, C.
(2008) Cleavage in the g-subunit of the epithelial sodium channel
(ENaC) plays an important role in the proteolytic activation of near-
silent channels. J. Physiol. 586, 4587–4608

65. Kabra, R., Knight, K. K., Zhou, R., and Snyder, P. M. (2008) Nedd4-2
induces endocytosis and degradation of proteolytically cleaved epithelial
Na+ channels. J. Biol. Chem. 283, 6033–6039

66. Klemens, C. A., Edinger, R. S., Kightlinger, L., Liu, X., and Butterworth,
M. B. (2017) Ankyrin G expression regulates apical delivery of the
epithelial sodium channel (ENaC). J. Biol. Chem. 292, 375–385

67. Snyder, P. M., Bucher, D. B., and Olson, D. R. (2000) Gating induces a
conformational change in the outer vestibule of ENaC. J. Gen. Physiol.
116, 781–790

68. Ilyaskin, A. V., Diakov, A., Korbmacher, C., and Haerteis, S. (2016)
Activation of the human epithelial sodium channel (ENaC) by bile acids
involves the degenerin site. J. Biol. Chem. 291, 19835–19847

69. Rauh, R., Diakov, A., Tzschoppe, A., Korbmacher, J., Azad, A. K.,
Cuppens, H., Cassiman, J. J., Dotsch, J., Sticht, H., and Korbmacher, C.
(2010) A mutation of the epithelial sodium channel associated with
atypical cystic fibrosis increases channel open probability and reduces
Na+ self inhibition. J. Physiol. 588, 1211–1225

70. Rauh, R., Soell, D., Haerteis, S., Diakov, A., Nesterov, V., Krueger, B.,
Sticht, H., and Korbmacher, C. (2013) A mutation in the beta-subunit of
ENaC identified in a patient with cystic fibrosis-like symptoms has a gain-
of-function effect. Am. J. Physiol. Lung Cell. Mol. Physiol. 304, L43–L55

71. Haerteis, S., Krueger, B.,Korbmacher,C., andRauh, R. (2009)Theδ-subunit
of the epithelial sodium channel (ENaC) enhances channel activity and al-
ters proteolytic ENaC activation. J. Biol. Chem. 284, 29024–29040

72. Schild, L., Canessa, C. M., Shimkets, R. A., Gautschi, I., Lifton, R. P., and
Rossier, B. C. (1995) A mutation in the epithelial sodium channel
causing Liddle disease increases channel activity in the Xenopus laevis
oocyte expression system. Proc. Natl. Acad. Sci. U. S. A. 92, 5699–5703

73. Abriel, H., Loffing, J., Rebhun, J. F., Pratt, J. H., Schild, L., Horisberger, J. D.,
Rotin, D., and Staub, O. (1999) Defective regulation of the epithelial Na+

channel by Nedd4 in Liddle’s syndrome. J. Clin. Invest. 103, 667–673
74. von Kleist, L., Stahlschmidt, W., Bulut, H., Gromova, K., Puchkov, D.,

Robertson, M. J., MacGregor, K. A., Tomilin, N., Pechstein, A., Chau, N.,
Chircop, M., Sakoff, J., von Kries, J. P., Saenger, W., Kräusslich, H. G.,
et al. (2011) Role of the clathrin terminal domain in regulating coated pit
dynamics revealed by small molecule inhibition. Cell 146, 471–484

75. Bugaj, V., Sansom, S. C., Wen, D., Hatcher, L. I., Stockand, J. D., and
Mironova, E. (2012) Flow-sensitive K+-coupled ATP secretion modu-
lates activity of the epithelial Na+ channel in the distal nephron. J. Biol.
Chem. 287, 38552–38558

76. O’Grady, S. M., Elmquist, E., Filtz, T. M., Nicholas, R. A., and Harden,
T. K. (1996) A guanine nucleotide-independent inwardly rectifying
cation permeability is associated with P2Y1 receptor expression in
Xenopus oocytes. J. Biol. Chem. 271, 29080–29087

77. Ilyaskin, A. V., Sure, F., Nesterov, V., Haerteis, S., and Korbmacher, C.
(2019) Bile acids inhibit human purinergic receptor P2X4 in a heterol-
ogous expression system. J. Gen. Physiol. 151, 820–833

78. Kunzelmann, K., Bachhuber, T., Regeer, R., Markovich, D., Sun, J., and
Schreiber, R. (2004) Purinergic inhibition of the epithelial Na+ transport
via hydrolysis of PIP2. FASEB J. 19, 142–143
79. Silver, R. B., Frindt, G., Windhager, E. E., and Palmer, L. G. (1993)
Feedback regulation of Na channels in rat CCT. I. Effects of inhibition of
Na pump. Am. J. Physiol. 264, F557–F564

80. Dinudom, A., Harvey, K. F., Komwatana, P., Young, J. A., Kumar, S., and
Cook, D. I. (1998) Nedd4 mediates control of an epithelial Na+ channel
in salivary duct cells by cytosolic Na+. Proc. Natl. Acad. Sci. U. S. A. 95,
7169–7173

81. Abriel, H., and Horisberger, J. D. (1999) Feedback inhibition of rat
amiloride-sensitive epithelial sodium channels expressed in Xenopus
laevis oocytes. J. Physiol. 516, 31–43

82. Volk, T., Konstas, A. A., Bassalay, P., Ehmke, H., and Korbmacher, C.
(2004) Extracellular Na+ removal attenuates rundown of the epithelial
Na+-channel (ENaC) by reducing the rate of channel retrieval. Pflügers
Arch. 447, 884–894

83. Patel, A. B., Yang, L., Deng, S., and Palmer, L. G. (2014) Feedback in-
hibition of ENaC: Acute and chronic mechanisms. Channels 8, 444–451

84. Kellenberger, S., Gautschi, I., Rossier, B. C., and Schild, L. (1998) Mu-
tations causing Liddle syndrome reduce sodium-dependent down-
regulation of the epithelial sodium channel in the Xenopus oocyte
expression system. J. Clin. Invest. 101, 2741–2750

85. Konstas, A. A., Shearwin-Whyatt, L. M., Fotia, A. B., Degger, B., Ric-
cardi, D., Cook, D. I., Korbmacher, C., and Kumar, S. (2002) Regulation
of the epithelial sodium channel by N4WBP5A, a novel Nedd4/Nedd4-
2-interacting protein. J. Biol. Chem. 277, 29406–29416

86. Fiori, M. C., Figueroa, V., Zoghbi, M. E., Saez, J. C., Reuss, L., and
Altenberg, G. A. (2012) Permeation of calcium through purified con-
nexin 26 hemichannels. J. Biol. Chem. 287, 40826–40834

87. Chraibi, A., Vallet, V., Firsov, D., Hess, S. K., and Horisberger, J. D.
(1998) Protease modulation of the activity of the epithelial sodium
channel expressed in Xenopus oocytes. J. Gen. Physiol. 111, 127–138

88. Palmer, L. G., and Frindt, G. (1987) Effects of cell Ca and pH on Na
channels from rat cortical collecting tubule. Am. J. Physiol. 253, F333–
F339

89. Ishikawa, T., Marunaka, Y., and Rotin, D. (1998) Electrophysiological
characterization of the rat epithelial Na+ channel (rENaC) expressed in
MDCK cells. Effects of Na+ and Ca2+. J. Gen. Physiol. 111, 825–846

90. Gu, Y. C. (2008) Effects of [Ca2+](i) and pH on epithelial Na+ channel
activity of cultured mouse cortical collecting ducts. J. Exp. Biol. 211,
3167–3173

91. Awayda, M. S., Ismailov, I. I., Berdiev, B. K., Fuller, C. M., and Benos, D.
J. (1996) Protein kinase regulation of a cloned epithelial Na+ channel. J.
Gen. Physiol. 108, 49–65

92. Awayda, M. S. (2000) Specific and nonspecific effects of protein kinase C
on the epithelial Na+ channel. J. Gen. Physiol. 115, 559–570

93. Bao, H. F., Thai, T. L., Yue, Q., Ma, H. P., Eaton, A. F., Cai, H., Klein, J.
D., Sands, J. M., and Eaton, D. C. (2014) ENaC activity is increased in
isolated, split-open cortical collecting ducts from protein kinase C alpha
knockout mice. Am. J. Physiol. Renal Physiol. 306, F309–F320

94. Ribera, A. B., and Spitzer, N. C. (1987) Both barium and calcium activate
neuronal potassium currents. Proc. Natl. Acad. Sci. U. S. A. 84, 6577–
6581

95. Yamazaki, J., Ohara, F., Harada, Y., and Nagao, T. (1995) Barium and
strontium can substitute for calcium in stimulating nitric oxide pro-
duction in the endothelium of canine coronary arteries. Jpn. J. Phar-
macol. 68, 25–32

96. Zhou, Y., Zeng, X. H., and Lingle, C. J. (2012) Barium ions selectively
activate BK channels via the Ca2+-bowl site. Proc. Natl. Acad. Sci. U. S.
A. 109, 11413–11418

97. Shimkets, R. A., Warnock, D. G., Bositis, C. M., Nelson Williams, C.,
Hansson, J. H., Schambelan, M., Gill, J. R., Jr., Ulick, S., Milora, R. V.,
Findling, J. W., Canessa, C. M., Rossier, B. C., and Lifton, R. P. (1994)
Liddle’s syndrome: Heritable human hypertension caused by muta-
tions in the beta subunit of the epithelial sodium channel. Cell 79,
407–414

98. Hansson, J. H., Nelson Williams, C., Suzuki, H., Schild, L., Shimkets, R.,
Lu, Y., Canessa, C., Iwasaki, T., Rossier, B., and Lifton, R. P. (1995)
Hypertension caused by a truncated epithelial sodium channel gamma
subunit: Genetic heterogeneity of Liddle syndrome. Nat. Gen. 11, 76–82
J. Biol. Chem. (2021) 296 100404 23

http://refhub.elsevier.com/S0021-9258(21)00176-9/sref60
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref60
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref61
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref61
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref61
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref62
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref62
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref62
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref62
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref63
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref63
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref63
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref63
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref63
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref64
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref64
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref64
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref64
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref65
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref65
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref65
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref65
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref66
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref66
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref66
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref67
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref67
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref67
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref68
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref68
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref68
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref69
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref69
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref69
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref69
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref69
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref69
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref70
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref70
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref70
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref70
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref71
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref71
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref71
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref72
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref72
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref72
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref72
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref73
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref73
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref73
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref74
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref74
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref74
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref74
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref74
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref75
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref75
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref75
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref75
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref75
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref75
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref76
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref76
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref76
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref76
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref76
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref77
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref77
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref77
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref78
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref78
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref78
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref78
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref78
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref79
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref79
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref79
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref80
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref80
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref80
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref80
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref80
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref80
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref81
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref81
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref81
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref82
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref82
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref82
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref82
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref82
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref82
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref83
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref83
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref84
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref84
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref84
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref84
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref85
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref85
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref85
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref85
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref86
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref86
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref86
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref87
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref87
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref87
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref88
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref88
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref88
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref89
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref89
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref89
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref89
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref89
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref89
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref90
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref90
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref90
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref90
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref90
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref90
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref91
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref91
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref91
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref91
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref92
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref92
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref92
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref93
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref93
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref93
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref93
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref94
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref94
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref94
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref95
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref95
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref95
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref95
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref96
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref96
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref96
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref96
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref97
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref97
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref97
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref97
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref97
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref97
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref98
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref98
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref98
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref98


Inhibition of the epithelial sodium channel by connexin 30
99. Michlig, S., Harris, M., Loffing, J., Rossier, B. C., and Firsov, D. (2005)
Progesterone down-regulates the open probability of the amiloride-
sensitive epithelial sodium channel via a Nedd4-2-dependent mecha-
nism. J. Biol. Chem. 280, 38264–38270

100. Shi, H., Asher, C., Chigaev, A., Yung, Y., Reuveny, E., Seger, R., and
Garty, H. (2002) Interactions of beta and gamma ENaC with Nedd4 can
be facilitated by an ERK-mediated phosphorylation. J. Biol. Chem. 277,
13539–13547

101. Shi, H., Asher, C., Yung, Y., Kligman, L., Reuveny, E., Seger, R., and
Garty, H. (2002) Casein kinase 2 specifically binds to and phos-
phorylates the carboxy termini of ENaC subunits. Eur. J. Biochem.
269, 4551–4558

102. Krueger, B., Yang, L. M., Korbmacher, C., and Rauh, R. (2018) The
phosphorylation site T613 in the beta-subunit of rat epithelial Na+

channel (ENaC) modulates channel inhibition by Nedd4-2. Pflügers
Arch. 470, 649–660

103. Zeng, W. Z., Babich, V., Ortega, B., Quigley, R., White, S. J., Welling, P.
A., and Huang, C. L. (2002) Evidence for endocytosis of ROMK potas-
sium channel via clathrin-coated vesicles. Am. J. Physiol. Renal Physiol.
283, F630–F639

104. Welling, P. A., and Ho, K. (2009) A comprehensive guide to the ROMK
potassium channel: Form and function in health and disease. Am. J.
Physiol. Renal Physiol. 297, F849–F863

105. Stoessel, A., Himmerkus, N., Bleich, M., Bachmann, S., and Theilig, F.
(2010) Connexin 37 is localized in renal epithelia and responds to
24 J. Biol. Chem. (2021) 296 100404
changes in dietary salt intake. Am. J. Physiol. Renal Physiol. 298, F216–
F223

106. Wagner, C., Kurtz, L., Schweda, F., Simon, A. M., and Kurtz, A. (2009)
Connexin 37 is dispensable for the control of the renin system and for
positioning of renin-producing cells in the kidney. Pflügers Arch. 459,
151–158

107. Lennon, G., Auffray, C., Polymeropoulos, M., and Soares, M. B. (1996)
The IMAGE consortium: An integrated molecular analysis of genomes
and their expression. Genomics 33, 151–152

108. Lorenz, C., Pusch, M., and Jentsch, T. J. (1996) Heteromultimeric CLC
chloride channels with novel properties. Proc. Natl. Acad. Sci. U. S. A.
93, 13362–13366

109. Diakov, A., and Korbmacher, C. (2004) A novel pathway of ENaC
activation involves an SGK1 consensus motif in the C-terminus of the
channel’s a-subunit. J. Biol. Chem. 279, 38134–38142

110. Hille, B. (2001) Ion Channels of Excitable Membranes, 3rd Ed, Sinauer
Associates Inc Publishers, Sunderland, MA

111. Lefèvre, C. M., Diakov, A., Haerteis, S., Korbmacher, C., Gründer, S.,
and Wiemuth, D. (2014) Pharmacological and electrophysiological
characterization of the human bile acid-sensitive ion channel (hBASIC).
Pflügers Arch. 466, 253–263

112. Korbmacher, C., Volk, T., Segal, A. S., Boulpaep, E. L., and Frömter, E.
(1995) A calcium-activated and nucleotide-sensitive nonselective cation
channel in M-1 mouse cortical collecting duct cells. J. Membr. Biol. 146,
29–45

http://refhub.elsevier.com/S0021-9258(21)00176-9/sref99
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref99
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref99
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref99
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref100
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref100
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref100
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref100
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref101
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref101
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref101
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref101
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref102
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref102
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref102
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref102
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref103
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref103
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref103
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref103
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref104
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref104
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref104
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref105
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref105
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref105
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref105
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref106
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref106
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref106
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref106
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref107
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref107
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref107
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref108
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref108
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref108
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref109
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref109
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref109
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref110
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref110
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref111
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref111
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref111
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref111
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref112
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref112
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref112
http://refhub.elsevier.com/S0021-9258(21)00176-9/sref112

	Inhibition of the epithelial sodium channel (ENaC) by connexin 30 involves stimulation of clathrin-mediated endocytosis
	Results
	Functional expression of human Cx30 in X. laevis oocytes
	Coexpression of human Cx30 with human ENaC reduces amiloride-sensitive currents
	Inhibitory effect of Cx30 on ENaC requires ion channel activity of Cx30
	Cx30 reduces surface expression of ENaC
	Cx30 stimulates internalization of ENaC
	Cx30 has no effect on proteolytic activation of ENaC
	Coexpression of Cx30 does not affect the single-channel current amplitude of ENaC and has no apparent effect on single-chan ...
	C-termini of β- and γ-ENaC are critically involved in Cx30-mediated downregulation of ENaC
	Nedd4-2 is not involved in Cx30-mediated ENaC downregulation
	Cx30-mediated ENaC downregulation is significantly reduced by inhibiting clathrin-mediated endocytosis or mutating the YxxΦ ...

	Discussion
	Experimental procedures
	cDNA clones and antisense oligonucleotides
	Chemicals
	Isolation of oocytes and two-electrode voltage clamp experiments
	Surface expression assay and western blot analysis
	Single-channel recordings in outside-out patches
	Statistical analysis

	Data availability
	Author contributions
	Funding and additional information
	References


