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The amiloride-sensitive epithelial Na+ channel (ENaC) is expressed in the apical membranes of many Na+-absorptive
epithelia, such as renal tubules, distal colon, and lungs. The α subunit of ENaC (αENaC), and subsequently the β and γ
subunits, were identified by expression cloning (1, 2). The latter subunits potentiate amiloride-sensitive Na+ currents more
than 100-fold when coinjected with αENaC into Xenopus oocytes, but neither the β nor the γ subunit — alone or
coexpressed — is sufficient to generate appreciable Na+ currents in this system in the absence of αENaC. Thus, this
subunit appears to be required for the assembly or function of the ENaC complex. The 3 known ENaC subunits are
homologous to each other, having about 35% amino acid identity and conserved membrane topology. Site-directed
mutagenesis has defined a short segment (the P region depicted in Figure 1) that precedes the second transmembrane
domain of all 3 ENaC subunits and is involved in ion permeation and sensitivity to amiloride. Several naturally occurring
αENaC splice variants have been identified, but their physiological significance has not been characterized (Figure 1) (3).
Clinical disorders due to malfunction of the ENaC complex are well described (4). Liddle’s syndrome, an autosomal
dominant form of volume-expanded low-renin hypertension, is caused by gain-of-function mutations in the COOH-termini
of the β or γ ENaC subunits that constitutively […]
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The amiloride-sensitive epithelial Na+

channel (ENaC) is expressed in the api-
cal membranes of many Na+-absorptive
epithelia, such as renal tubules, distal
colon, and lungs. The α subunit of
ENaC (αENaC), and subsequently the 
β and γ subunits, were identified by
expression cloning (1, 2). The latter sub-
units potentiate amiloride-sensitive Na+

currents more than 100-fold when coin-
jected with αENaC into Xenopus oocytes,
but neither the β nor the γ subunit —
alone or coexpressed — is sufficient to
generate appreciable Na+ currents in this
system in the absence of αENaC. Thus,
this subunit appears to be required for
the assembly or function of the ENaC
complex. The 3 known ENaC subunits
are homologous to each other, having
about 35% amino acid identity and con-
served membrane topology. Site-direct-
ed mutagenesis has defined a short seg-
ment (the P region depicted in Figure 1)
that precedes the second transmem-
brane domain of all 3 ENaC subunits

and is involved in ion permeation and
sensitivity to amiloride. Several natural-
ly occurring αENaC splice variants have
been identified, but their physiological
significance has not been characterized
(Figure 1) (3).

Clinical disorders due to malfunction
of the ENaC complex are well described
(4). Liddle’s syndrome, an autosomal
dominant form of volume-expanded
low-renin hypertension, is caused by
gain-of-function mutations in the
COOH-termini of the β or γENaC sub-
units that constitutively activate ENaC
activity (5). In contrast, loss-of-function
mutations in the α and γ ENaC sub-
units have been found in autosomal
recessive pseudohypoaldosteronism
type I (PHA-I) with salt wasting, hyper-
kalemia, and metabolic acidosis (6, 7).

The critical role of αENaC in vivo has
been demonstrated by αENaC gene
knockouts in mice; these animals expire
with severe respiratory insufficiency (8).
In contrast, patients with PHA-I do not

experience such respiratory distur-
bances but do exhibit abnormal renal
Na+ handling. This discrepancy between
the clinical phenotype and the knock-
out mouse models might be explained
by physiological differences between the
species, such as the existence of a pro-
tective mechanism that is either unique
to the human lung or not expressed in
the mouse lung. Alternatively, the
αENaC knockout animal might prove
to be an inadequate model for human
disease if the human mutant alleles
retain some biological function.

In support of the latter class of expla-
nation, Bonny et al. (9) now provide evi-
dence that an αENaC truncation
mutant promotes the channel activity
of ENaC complexes containing normal
β and γ subunits. It appears that the
previous failure to detect functional βγ
ENaC channels was primarily due to
delayed expression of these channels in
oocytes and to the relatively low levels
of the resulting amiloride-sensitive Na+

currents. Moreover, a truncated
αENaC, equivalent to the R508X muta-
tion that has been described in human
PHA-I cases, can assemble with β and γ
subunits to produce higher amiloride-
sensitive Na+ currents than the βγchan-
nels alone. Although these current lev-
els are only about 10% of those found
with wild-type αβγENaC, they could be
sufficient, if expressed in vivo, to pre-
vent development of the perinatal pul-
monary phenotype in PHA-I patients.
Bonny et al. have further proposed that
the truncated αENaC, which retains the
NH2-terminus and the extracellular cys-
teine-rich domain, may contain a sort-
ing signal that promotes the assembly
and proper intracellular trafficking of
the βγ channels to the cell membrane. 

Whether αENaC is necessary for
expression of ENaC activity in cells
remains a key question, but the forma-
tion of functional ENaC βγ complexes
could account for the difficulty of
detecting αENaC in some tissues (10).
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Figure 1
αENaC-associated splice variants and mutations identified in human (h), rat (r), and chicken (c).
The αENaC contains 2 transmembrane domains (TMs), 2 cysteine-rich domains (CRDs), a
leucine-rich domain (LRD), and a pore-forming region (P) just before TM2. The human
αENaC2+59 contains an additional 59 amino acids at the NH2-terminus (14). Three human
αENaC splice variants (hαENaC C229x, hαENaC-19, and hαENaC+22) cause loss of function in
Xenopus oocytes (3). The hαENaC+Alu contains an Alu fragment at the CRD2 (Y.S. Oh and D.G.
Warnock, unpublished data). Two αENaC splice variants (αENaCax and αENaCbx) were identi-
fied in rat taste tissue (15), and αENaCx was identified in chicken cochlea (16); these splice vari-
ants, as well as hαENaC+22 and hαENaC+Alu, use the same splice site in the CRD2 exon (3).
Four human αENaC mutations (G37S, I68x, C133Y, and R508x) have been identified in PHA-I
individuals (6, 7). Here, “x” denotes a prematurely truncated protein, whether the new stop codon
is generated by point mutation or frameshift.
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The special role of αENaC in channel
expression is confirmed by the work of
Masilamani et al., also in this issue of the
JCI (11). For the first time, these authors
have used subunit-specific antibodies to
each of the ENaC subunits to investigate
the in vivo regulation of ENaC expres-
sion in the renal collecting tubule, and,
in particular, the physiologically relevant
modulation of ENaC by aldosterone and
dietary salt balance. Previous studies of
ENaC expression have utilized heterolo-
gous expression systems, but the intrin-
sic limitations of this approach and the
importance of examining protein expres-
sion and localization in vivo are now evi-
dent. Masilamani et al. demonstrate the
apical localization of the assembled
ENaC complex in response to aldos-
terone. They also show that αENaC is
crucial for assembly and targeting of the
channel complex to the apical mem-
brane. There is also a provocative migra-
tion shift of the γ subunit on gel analy-
sis, consistent with some sort of
post-translational processing, perhaps
by the CAP-1 serine protease? (12).

Beyond the evident importance of
clarifying the pathophysiology of PHA-

I, the significance of both of these
papers (9, 11) lies in the insights they
offer into normal cell physiology. The
analysis of this inborn error lets us
appreciate the special role of αENaC in
“leading the charge” of ionic current
flow across the apical membrane.
Archibald Gerrod would be pleased but
not surprised (13).
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Figure 2
Possible subunit arrangement of the ion-conduct-
ing pore in αxβγchannels and βγchannels. A pos-
sible ENaC structure consisting of 2 α, 1 β, and 1
γ subunit is shown as the wild-type channel. A
truncated PHA-I mutation, R508x, was created in
rat αENaC at the equivalent position (L535x), and
αL535x, together with rat β and γ subunits, was
expressed in Xenopus oocytes (9). Coexpression of
rat β and γ ENaC subunits also generated
amiloride-sensitive Na+ currents in oocytes. Inter-
estingly, αL535xβγ and βγ channels displayed very
similar macroscopic characteristics, such as
reduced amiloride affinity and reduced Li+ selec-
tivity, suggesting that the conductive pores of these
channels are composed of P and TM2 domains of
β and γ subunits, respectively.


