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Abstract

Mutations in 3 or y subunit of the epithelial sodium channel
(ENaC) have been found to cause a hereditary form of hu-
man hypertension, Liddle syndrome. Most of the mutations
reported are either nonsense mutations or frame shift muta-
tions which would truncate the cytoplasmic carboxyl termi-
nus of the B or vy subunits of the channel, suggesting that
these domains are important for the normal regulation of
this channel. We sequenced ENaC in a family with Liddle
syndrome and found a missense mutation in 3 subunit
which predicts substitution of Tyr by His at codon 618, 2 bp
downstream from a missense mutation (P616L) that has
been reported recently. Presence of this mutation correlates
with the clinical manifestations (hypertension, hypokale-
mia, suppressed aldosterone secretion) in this kindred.
Functional expression studies in the Xenopus oocytes re-
vealed constitutive activation of the Y618H mutant indis-
tinguishable from that observed for the deletion mutant
(R564stop) identified in the original pedigree of Liddle. Our
data suggest that the region between Pro616 and Tyr618 is
critically important for regulation of ENaC activity. (J.
Clin. Invest. 1996. 97:1780-1784.) Key words: hypertension
+ hereditary disease  pseudoaldosteronism « kidney -
amiloride

Introduction

The aldosterone-regulated and amiloride-sensitive epithelial
Na' channel (ENaC)' is composed of at least three protein
subunits (encoded by three different genes) that share ~ 35%
sequence homology with each other (1, 2). Each subunit (o, B,
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v) has a large extracellular loop and two membrane spanning
domains with short cytoplasmic amino and carboxyl termini.
Functional expression studies in the Xenopus oocyte system
have shown that the o subunit alone can induce Na* channel
activity whereas BrENaC and yrENaC are unable by them-
selves to induce an amiloride-sensitive Na* current; if, how-
ever, the B and y subunits are coexpressed with the a subunit,
then amiloride-sensitive Na* current is greatly enhanced (2).

Liddle syndrome is an hereditary form of human hyperten-
sion with autosomal dominant inheritance. Its clinical features
are characterized by severe hypertension, hypokalemia, sup-
pressed secretion of aldosterone, and a clear-cut response to
inhibitors of sodium transport in the distal nephron, but not to
mineralocorticoid antagonists (3, 4). These characteristics had
led to a hypothesis that the hypertension in this disorder is
caused by excessive reabsorption of Na* in the distal nephron
and that mutations in Na* channel subunits may be an under-
lying mechanism if these mutations cause constitutive activa-
tion of ENaC activity. Clinical observations (4), indicating that
renal transplantation completely corrected abnormalities ob-
served in this disorder, further supported the speculation that
this disorder is caused by an intrinsic renal defect in the regula-
tion of Na* channel activity. This hypothesis could be directly
examined once the subunits of the ENaC were cloned. In 1994
Shimkets et al. (5) reported mutations in the B subunits of
ENaC (BENaC) in five kindreds of Liddle syndrome including
Liddle’s original one. Subsequently, a mutation in the -y sub-
unit was also reported (6). All of these mutations were either
stop codons or frame shifts which result in the truncation of
carboxyl termini of the 8 or y subunit of ENaC, indicating that
some part of the COOH-terminal cytoplasmic domain of both
B and +y subunits is important for normal regulation of ENaC.
Recently, a missense mutation within the distal proline-rich re-
gion (P616L) of the carboxyl terminus of the B subunit has
been reported to cause Liddle syndrome (7).

We report herein a family with Liddle syndrome whose ab-
normality is caused by another missense mutation in the car-
boxyl terminus of the B subunit of ENaC. The functional sig-
nificance of this abnormality was confirmed in the Xenopus
oocyte expression system. The analysis of missense mutations
should provide new insights into the regulatory mechanisms of
ENaC, and are more informative in this regard than truncating
nonsense mutations.

Methods

DNA sequencing. Genomic DNA was prepared from peripheral leu-
kocytes of the family members by standard methods. PCR primers
for amplification of BENaC were designed according to Shimkets et



al. (5). The final exon of human BENaC was amplified by PCR using
outer primers. 100 ng of the genomic DNA was made up to 50 pl of a
PCR mixture containing 10 mM Tris-HCI (pH 8.3), 50 mM KCI, 1.5
mM MgCl,, 400 nM of each PCR primer (outer primer), 200 uM each
dNTP, 0.01% gelatin, and 0.5 U of Taq polymerase (AmpliTaq; Cetus
Corp., Emeryville, CA). PCR consisted of 35 cycles of denaturing at
94°C for 1 min, annealing at 55°C for 1 min, and polymerization at
72°C for 1 min. 1 pl of the first PCR products was transferred to the
second PCR reaction with nested 5'- and 3'- primers. The composi-
tion of the PCR mixture was the same as the first PCR mixture except
for the primers. M13-forward and M13-reverse primer sequences
were attached to the 5’'terminus of the 5'- and 3’- nested primers, re-
spectively, to facilitate direct sequencing by an automated DNA se-
quencer (model 373S; Applied Biosystems Japan, Chiba, Japan). The
PCR products were sequenced with the PRISM dye termination kit
(Applied Biosystems Japan), according to the manufacturer’s instruc-
tions, on both strands. The sequencing primer was M13-forward
primers for the sense strand and M13-reverse primer for the antisense
strand.

Nucleotide sequences of the PCR and sequencing primers were as fol-
lows: M13-forward: 5'-TGTAAAACGACGGCCAGT-3"; M13-reverse:
5'-CAGGAAACAGCTATGACC-3; 5 outer primer: 5'-ATCGTC-
TGGCTGCTCTCGAATCTG-3"; 3’ outer primer: 5'-TTAGATGGC-
ATCACCCTCACTGTC-3'; 5’ nested primer: 5'-TGTAAAACG-
ACGGCCAGTTGGCCAGTTTGGCTITCTGGATG-3" (M13-forward
sequence is underlined); and 3’ nested primer: 5'-CAGGAAACA-
GCTATGACCCGTCCAGCGGCTGCAGACGCAG-3" (M13-reverse
sequence is underlined).

Restriction enzyme length polymorphism (RELP) analysis of the
final exon of human BENaC gene. Because the direct sequencing of
the final exon of human BENaC gene revealed that the variant allele
from the patients contained the unique mutation in codon 618 creat-
ing the Nlalll restriction enzyme site, the RELP analysis was per-
formed on the family members. 5 pl of the first PCR products was di-
gested with 10 U of Nlalll and was electrophoresed on 2% agarose
gelin 1X TBE. The PCR product of 381 bp was cleaved into two frag-
ments of 319 and 62 bp if it contained the mutation at codon 618.

Functional expression study in Xenopus oocytes. The Tyr to His
mutation at codon 618 of the B subunit of rat ENaC (rENaC) was
generated by site-directed mutagenesis using a three-step PCR proto-
col. The first step used a 5" mutagenic primer, a 3’ primer carrying an
unrelated anchoring sequence, and the BrENaC cDNA as template to
amplify a cDNA fragment with the desired mutation. In the second

step the PCR product was elongated. The third step amplified the
mutated cDNA using a 3’ primer which primes the synthesis of DNA
containing the unrelated sequence. The final PCR product carrying
the desired mutation was digested and ligated into the BrENaC
cDNA wild-type at the Sacl and Spel cleavage sites. The mutation
was verified by sequencing.

cRNA of a, B, and vy subunits was synthesized in vitro, and 5-8 ng
cRNA encoding the three a, B, y subunits was injected into stage V
and VI oocytes. 20-24 h after injection, amiloride-sensitive Na* cur-
rent expressed by the injected oocytes was measured using the two
electrode voltage-clamp technique. The amiloride-sensitive current
was measured at a membrane potential of —100 mV in the presence
or absence of 5 pM amiloride in the bathing medium. The bathing
medium contained (mM): NaCl 115, KCl1 5, CaCl, 1.8, Hepes-NaOH
10 (pH 7.2). A mean amiloride-sensitive current was determined in
five to eight oocytes originating from the same animal, and injected
either with the BrENaC wild-type, the B subunit deletion mutant at
position R564 (BR564stop), or the BY618H mutant, together with
arENaC and yrENaC. The experiment was repeated eight times with
oocytes from different animals. Statistical significance of the results
was found using Student’s  test.

Results

Clinical features of the family. This family affected with Liddle
syndrome has been described in part in the Japanese litera-
ture in 1976 (8). In that report, clinical characteristics of two
young brothers 17 and 21 yr old, who both had severe hyper-
tension, were carefully examined. Each subject had low serum
potassium level, completely suppressed plasma renin activity,
and low urinary excretion of aldosterone. Both subjects did
not respond to a therapy with spironolactone, but responded
to triamterene with normalization of hypertension, hypokale-
mia, and renin and aldosterone levels. Based on these find-
ings, these two patients were diagnosed as having Liddle syn-
drome and were followed for several years before being lost
to follow-up. Recently, we relocated these two patients and
found that one has chronic renal failure caused by nephroscle-
rosis and receives hemodialysis, and the other regularly takes
antihypertensive medications. We analyzed genomic DNA of
these patients and found a mutation in BENaC (see below).

+ 1 +
[l —O Figure 1. Pedigree of a family
72 with Liddle disease. Individuals
HTN with the Y618H mutation are
HD(for10years) shown as filled symbols; individ-
uals lacking the mutation are
shown as hatched symbols; un-
2| 3 4 5 6 examined individuals are shown
. [ —QO —O as open symbols. Below the
Age at present 47 44 41 37 36 symbols, in descending order,
BP at diagnosis 200/100 180/100  150/100 210/140 122/60 are shown the ages of subjects
K 4.5 4.2 34 4.5 (in years as of 1995), blood pres-
PRA 13 <0.1 0.2 onHD 11 sure at diagnosis (in mmHg), the
PAC 25 36 26 79 : ;
serum potassium level (meq/li-
ter), the plasma renin activity
7 8 9 10 11 12 13 (ng/ml/h, normal range, 0.3-2.9),
I:l and the plasma aldosterone con-
A X X 27 24 17 14 10 centration (pg/ml, normal range,
at presen i
Bp at diagnosis 120/70 104/60  144/96 8 ! }316_240)‘ Case 1 died at age 72,
K 4.1 28 ad hypertension (HTN), and
PRA 23 <0.1 had been treated by hemodialy-
PAC 140 45 sis (HD).
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Figure 2. 1dentification of the mutation by direct sequencing of the
PCR-amplified B subunit DNA. As indicated by asterisk, both T and
C signals were observed in an affected subject, while only T signals
were observed in a normal subject.

We then expanded our study to the other members of this
family. Fig. 1 shows this kindred; cases 4 and 5 are the index
cases. The ages of family members at present (1995), blood
pressure at diagnosis, and most recent blood chemistry data
(the serum potassium level, plasma renin activity, and plasma
aldosterone concentration) are shown in Fig. 1. The patients
took their regular antihypertensive medications (Ca’>* antago-
nists) when we collected blood samples. The mother of the in-
dex cases was known to have hypertension and had been
treated with regular hemodialysis starting at 62 yr old for
chronic renal failure probably due to nephrosclerosis. She
died in 1992 at 72 yr old for unknown reasons. No further clin-
ical data are available, but her clinical course was strongly

1 2 3 4

Normal allele —
Mutant allele—
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compatible with Liddle syndrome. In addition to the mother,
three additional family members were clinically diagnosed as
having Liddle syndrome (see Fig. 1). Cases 2 and 3 have a his-
tory of hypertension and are receiving regular antihyperten-
sive medication. Although they did not show hypokalemia
(4.5 and 4.2 megq/liter), they had a low plasma aldosterone
concentration. This is consistent with a recent observation in
Liddle’s original pedigree that hypokalemia is not a universal
finding among affected members (4).

DNA sequencing and RELP analysis. To detect a mutation
in BENaC, a 381-bp segment encoding the cytoplasmic car-
boxyl terminus of BENaC (codon 513- 638) was amplified and
directly sequenced. As shown in Fig. 2, two signals for T and C
were observed in an affected member instead of single T ob-
served in a normal subject, indicating the presence of a muta-
tion T C in one allele with the other allele being intact. This
point mutation predicts a missense mutation of Tyr 618 to His
(Y618H). The presence of this mutation could be easily de-
tected by RELP analysis because this mutation creates a new
recognition site for Nlalll. PCR products of the family mem-
bers were digested by Nlalll and electrophoresed (Fig. 3). In
the DNA from affected members, a smaller DNA band at 319
bp which represents a truncation by digestion was observed as
well as the 381-bp normal allele. On the other hand, this band
was not observed for the unaffected members. The result of
this genetic analysis is also shown in Fig. 1. Genetic identifica-
tion (marked by filled circles or squares in Fig. 1) nicely
matched with the clinical diagnosis. This result strongly sug-
gests that the Y618H mutation causes Liddle syndrome in this
family. The mode of inheritance is clearly autosomal domi-
nant; the male to male transmission between cases 4 and 9 is
evidence against X-linked inheritance. We similarly amplified
and sequenced carboxyl termini of a (codon 571-669, refer-
ences 9 and 10) and y (codon 556-650, reference 6) ENaC and
could not find any other mutations in these family members
(not shown).

Functional expression in Xenopus oocytes. Previous expres-
sion studies of the rENaC have shown that deletions in the car-
boxyl terminus of the 8 or y subunit (6, 11) as well as a single
point mutation in the B subunit (7) cause Liddle syndrome and
induce an increase in the amiloride-sensitive current expressed
by the mutant channel in the oocyte system, indicative of con-
stitutive activation of the ENaC. To assess the functional con-
sequences of the Y618H mutation, we expressed the mutant
channel in Xenopus oocytes and compared the resulting
amiloride-sensitive current with that obtained for the rENaC

Figure 3. RELP analysis of the
PCR-amplified 8 subunit DNA
from the family members. The
PCR product of 381 bp was
cleaved into two fragments of
319 and 62 bp if it contained the
mutation at codon 618. Lanes 1,
2,4, 6, and 7 shows DNA from
affected members (cases 4, 9, 5,
2, and 3, respectively), and lanes
3 and 5 are DNA from an unre-
lated normal subject and an unaf-
fected member of the kindred
(case 6), respectively. M, size
marker for DNA.

—400bp

—200bp



wild-type and the B deletion mutant (R564stop) found in the
original kindred described by Liddle. The experiments in Fig.
4 show that the B subunit R564 deletion mutant compared
with TENaC wild-type displays a 3.0+0.4-fold increase (P =
0.002) in the amiloride-sensitive current, consistent with the
results obtained in previous experiments (11). The Y618H mu-
tant exhibited a 2.6+0.4-fold (P = 0.006) greater amiloride-
sensitive current than the rENaC wild-type, a value indistin-
guishable from that obtained for the deletion mutant (R564
stop). These results indicate that the Y618H mutation like the
R564 deletion mutation results in an increased channel activity
and a stimulation of Na* transport. These experiments show at
the molecular level that the Y618H mutation can account for
the constitutive channel activation and is the proximate cause
of the low-aldosterone hypertension in this kindred.

Discussion

Our previous report described two brothers affected by Liddle
syndrome (8), but further studies on other members of the
family had not been performed. The present study, performed
19 yr later, includes clinical and genetic examinations which
clearly show that other siblings of the index brothers are also
affected by the disease, which is transmitted to the next gener-
ation. Although not confirmed, the inheritance may come
from the mother of the index brothers (case 1). The father of
the index brothers did not have hypertension and died 3 yr ago
at 74 yr old from a malignant tumor of urinary bladder. It is
noteworthy that the clinical and genetic diagnoses matched
nicely in the present analysis of the extended kindred. PCR
amplification followed by RELP enabled us to obtain a rapid
and reliable diagnosis of this family, although this specific

Relative sodium currents

CONTROL

R564STOP Y618H

Figure 4. Relative increase in amiloride-sensitive current expressed
by BR564stop mutant and BY618H mutant in the oocytes. Amiloride-
sensitive current measured at —100 mV was normalized for the val-
ues obtained with oy ENaC wild-type, and bars show mean+SEM
of eight experiments. Absolute amiloride-sensitive current values
were 5.07£1.53 pA for afy, 13.824.7 pA for R564stop mutant, and
13.8£5.06 pA for Y618H mutant. P values are 0.002 and 0.006 for
R564stop mutant and Y618H mutant, respectively.

RELP result is relevant only to the Y618H mutation. This ease
of diagnosis was in sharp contrast to the difficulty we had 19 yr
ago with these patients, providing an example of the powerful
contribution of molecular biology to clinical medicine.

The previously reported mutations which cause Liddle syn-
drome and constitutive activation of ENaC delete ~ 90% of
the amino acid sequence constituting the carboxyl terminus of
B or vy subunits (5, 6). Among the possible target sequences in
the B and vy carboxyl termini involved in this phenotype, a pro-
line-rich domain and a putative protein kinase C phosphoryla-
tion site are conserved among the two subunits. Very recently,
Hansson et al. (7) reported another kindred affected by Liddle
syndrome, and analysis of the genes encoding ENaC in af-
fected patients revealed a missense mutation substituting
Proby Leu at codon 616 of the B subunit. This mutation
(P616L) was shown to increase the amiloride-sensitive Na*
current when expressed in Xenopus oocytes, suggesting that a
point mutation or a deletion of the distal proline-rich region in
the carboxyl terminus of the B subunit is responsible for the
constitutive activation of channel activity observed in Liddle
disease.

In this study we show that another point mutation substi-
tuting the adjacent Tyr to His at codon 618 also causes Liddle
disease and enhances channel activity when the mutant is ex-
pressed in Xenopus oocytes. The Y618H mutation was func-
tionally equivalent to the deletion mutation at R564 identified
in the original Liddle kindred (Fig. 4). Analysis of missense
mutations instead of truncation or frame shift mutations may
help to better define the functional domains for the regulation
of channel function. The P616L and Y618H mutants reveal a
target sequence responsible for Liddle disease that encom-
passes a proline-rich region and a tyrosine that are highly con-
served among the $ and -y subunit isoforms. These missense
mutations seem to exclude the putative protein kinase C phos-
phorylation site (S620-R622) in the carboxyl terminus of the 8
subunit as a target sequence for mutations causing Liddle syn-
drome. The proline-rich domains present in the carboxyl ter-
mini of ENaC subunits share a SH3 binding motif, suggesting
that these regions might be important for interaction with SH3
domain—containing proteins (12, 13). SH3 domains are found
in many proteins involved in tyrosine kinase signaling and pro-
teins such as cytoskeletal components (14, 15). Recently, a
similar proline-rich domain of the o subunit carboxyl terminus
has been shown to bind SH3 domains of spectrin in vitro (16),
suggesting that protein—protein interactions may be involved
in the regulation of channel activity (11). It is tempting to spec-
ulate that phosphorylation of Tyr 618 by tyrosine kinase may
modulate the binding of the proline-rich domain with its bind-
ing partner, thus regulating the channel activity of ENaC.
Modulation of epithelial Na* transport by many signaling sys-
tems, including tyrosine kinase, has been demonstrated (17,
18). Further studies are needed to directly address this possi-
bility.
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