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Abstract: Liddle’s syndrome is a genetic disorder characterized by hypertension with
hypokalemic metabolic alkalosis, hyporeninemia and suppressed aldosterone secretion that
often appears early in life. It results from inappropriately elevated sodium reabsorption in the
distal nephron. Liddle’s syndrome is caused by mutations to subunits of the Epithelial
Sodium Channel (ENaC). Among other mechanisms, such mutations typically prevent
ubiquitination of these subunits, slowing the rate at which they are internalized from the
membrane, resulting in an elevation of channel activity. A minority of Liddle’s syndrome
mutations, though, result in a complementary effect that also elevates activity by increasing
the probability that ENaC channels within the membrane are open. Potassium-sparing
diuretics such as amiloride and triamterene reduce ENaC activity, and in combination with
a reduced sodium diet can restore normotension and electrolyte imbalance in Liddle’s
syndrome patients and animal models. Liddle’s syndrome can be diagnosed clinically by
phenotype and confirmed through genetic testing. This review examines the clinical features
of Liddle’s syndrome, the differential diagnosis of Liddle’s syndrome and differentiation
from other genetic diseases with similar phenotype, and what is currently known about the
population-level prevalence of Liddle’s syndrome. This review gives special focus to the
molecular mechanisms of Liddle’s syndrome.
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Background

Hypertension

In adults, hypertension is defined as an elevated systolic and/or diastolic blood
pressure as measured on at least two separate screenings. Blood pressures greater
than 120 mmHg systolic and 80 mmHg diastolic are considered elevated in adults
(prehypertension), with Stage 1 Hypertension officially recognized at systolic pres-
sures within 130-139 mmHg or diastolic pressures ranging from 80-89 mmHg.'” In
children and adolescents (1-13 years of age) hypertension is officially diagnosed after
two or more documented screenings where the child’s systolic and/or diastolic blood
pressure are at or above the 95™ percentile based upon the child’s age, sex, and
height.'®'* Approximately one in three adults in the United States has hypertension,
and in most patients, no identifiable cause for the hypertension can be found.!” This
form of hypertension is referred to as essential or primary hypertension. Secondary
hypertension refers to hypertension caused by a recognized, sometimes correctable,
underlying etiology. While essential hypertension is the predominant form of elevated

blood pressure in both children and adults, secondary hypertension must be excluded
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during the clinical evaluation of patients with elevated
blood pressures, especially the very young, those with a
strong family history of hypertension, and those with phy-
sical and laboratory exam findings indicative of an under-

lying disorder.'” %!

A subset of cases of secondary
hypertension are attributable to monogenic mutations that
affect either the kidney or adrenal gland, consequently
leading to increased sodium reabsorption and intravascular
volume expansion. These disorders exhibit a Mendelian
pattern of inheritance and can result in early-onset hyper-
tension with metabolic derangements secondary to the
increased activity of the epithelial sodium channel (ENaC)

present within the apical membranes of the distal nephron.

ENaC

Functional ENaC is an obligate heterotrimer of an a (or J),
B, and vy subunit. Each subunit has intracellular amino and
carboxy termini, two transmembrane domains, and a large
extracellular loop. In the kidney ENaC is primarily
expressed in principal cells of the aldosterone sensitive
distal nephron, to include the late distal convoluted tubule,
connecting tubule and collecting duct, where it is the
hormonally controlled rate-limiting factor fine tuning
sodium excretion. Increases in ENaC activity result in
inappropriate sodium retention, and decreases in ENaC
activity result in natriuresis and diuresis. ENaC activity
is regulated by a number of factors, including aldosterone.
In principal cells, aldosterone activates the mineralocorti-
coid receptor to upregulate positive regulators of the chan-
nel. Aldosterone also through the mineralocorticoid
receptor results in a trophic increase in the transcription
of a-ENaC. Regulation of ENaC activity can occur
through a number of known means resulting in changes
to membrane density or open probability.

Liddle’s syndrome

Liddle’s syndrome, also known as pseudohyperaldosteron-
ism is a rare, autosomal dominant, cause of secondary
hypertension. Liddle’s syndrome mimics the symptoms
of mineralocorticoid excess, causing hypokalemia, hyper-
tension, and metabolic alkalosis, but with suppressed
aldosterone and renin levels. It is caused by gain of func-
tion mutations to SCNNIA, SCNNIB, and SCNNIG which
encode the a, B, and y subunits of ENaC, respectively.
These mutations increase ENaC activity and cause sodium
retention. The first mutations identified as causing Liddle’s
syndrome increased ENaC activity, likely through multiple
mechanisms. One possible mechanism is a decrease in

membrane internalization by elimination of a ubiquitina-
tion site. Mutations that increase the probability that the
channel is open have also been found more recently. At
least 29 distinct Liddle’s syndrome polymorphisms have
been described to date. A number of mutations to upstream
modulators of ENaC activity can produce a Liddle’s-like
phenotype, but are distinct from Liddle’s syndrome.

Clinical features of Liddle’s

syndrome

The clinical and biochemical features characteristic of
Liddle’s syndrome are early-onset hypertension and hypo-
kalemic metabolic alkalosis in the setting of suppressed
plasma renin activity and low plasma aldosterone
concentration.'> The pathophysiology of Liddle’s syn-
of ENaC.
Inappropriately increased renal sodium reabsorption, sec-

drome stems from the overactivity
ondary to a gain-of-function mutation in ENaC, leads to an
expanded intravascular volume, resulting in arterial hyper-
tension. Increased sodium flux across the apical membranes
of distal nephron principal cells also favors the secretion of
potassium and acid into the collecting duct, resulting in
hypokalemia and metabolic alkalosis. Elevated blood pres-
sure and low serum potassium concentrations suppress the
renin-angiotensin-aldosterone system, resulting in hypore-
ninemia. These features were first reported together in a 16-
year-old female patient by Liddle et al in 1963.% In the index
case, the proband presented with severely elevated blood
pressure and hypokalemia. The disorder was distinguished
from the provisional diagnosis of primary hyperaldosteron-
ism by the proband’s lack of response to mineralocorticoid
synthesis inhibitors and receptor blockers and response to
the ENaC blockers triamterene and amiloride.*® The same
findings were documented in other patients and their family
members by various groups, with an autosomal dominant
pattern of inheritance revealed from analysis of the
pedigrees.”® As more Liddle’s syndrome kindreds have
been studied, it has become clear that the age of onset and
severity of symptoms can vary greatly between and within
family groups.”*

Early-onset hypertension is a typical finding in the
Liddle’s syndrome patient. For example, in one large kin-
dred, the youngest member with Liddle’s syndrome was
diagnosed with hypertension at 2 years-of-age, however
Liddle’s phenotype has been observed in older patients.' ">
The largest-sampled retrospective analysis to date of

patients diagnosed with Liddle’s syndrome found the
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average age of onset of hypertension to be 15.543.3 years,
and mean peak blood pressure was found to be 196 (£22)/
121 (£16).? In the index case, both the proband and her
brother presented with markedly elevated blood pressures
in their teenage years. Similarly, another group reported a
case in which significant hypertension was noted in the
patients at 11 and 13 years of age.'> A systematic review
of reported cases of Liddle’s syndrome conducted in 2018
revealed that hypertension is present in 92.3% of patients
with Liddle’s mutation.’

Among Liddle’s syndrome patients, the severity of
hypertension and the clinical symptoms associated are not
uniform in all cases. Patients with more severe hypertension
may only develop mild symptoms, including intermittent
headache, fatigue, dizziness, and changes in vision.'™
Some patients with Liddle’s mutations may not develop
elevated blood pressure at all." " Still others can present
with frank end-organ damage such as left ventricular hyper-
trophy, hypertensive retinopathy and nephrosclerosis.' '
The severity and type of end-organ damage likely depends
on variety of factors such as degree of RAAS activation and
inflammatory factors.

Complications of long-standing hypertension docu-
mented in Liddle’s syndrome patients include renal insuf-
ficiency, cardiovascular disease, and cerebrovascular
accidents.' Tamura et al (1996), for instance, studied
two Japanese brothers with Liddle’s syndrome wherein
one brother developed nephrosclerosis resulting in chronic
renal failure requiring hemodialysis by age 37.'* Similarly,
Liddle’s index case developed renal failure and underwent
renal transplantation at the age of 49. In at least one case, a
patient exhibiting signs of hypertensive encephalopathy
has been reported.'® Early death, especially due to heart
failure, myocardial infarction, and cerebrovascular acci-
dent (CVA), is commonly reported in Liddle’s syndrome
family histories.'"'® In one kindred with Liddle’s syn-
drome, five of the twelve patients had a positive family
history of at least one relative with early, sudden death.
CVAs below the age of 40 were also apparent in the family
histories.”

Hypokalemia and metabolic alkalosis are both highly
variable findings in Liddle’s syndrome patients.'>:'%16:17
Hypokalemia, in particular, is present in 71.8% of cases of
Liddle’s syndrome.® In the index case, both the proband
and her brother exhibited a severe hypokalemia and meta-
bolic alkalosis.* Fasting serum chemistries for the proband
and her brother showed potassium levels were as low as
2.6 and 2.7 mEq/L, and serum CO, combining capacities

of 30 and 29 mEq/L, respectively.* Both patients also
exhibited clinical signs indicative of hypokalemia and
metabolic alkalosis, such as muscle weakness, tetany, par-
esthesia, and abdominal upset.* EKG findings characteris-
tic of hypokalemia were also present in the index cases,
including S-T segment depression, low or inverted T
waves, prominent U waves, and frequent ventricular
complexes.* Botero-Velez et al (1994) revisited the index
case by Liddle et al (1963), nearly two decades later,
approximately 20 months after her renal transplantation.’
The group expanded upon the original pedigree of the
proband case, studying 43 additional members of the pro-
band’s family. Overall, 18 family members were found to
have hypertension, and, as a group, exhibited lower serum
potassium concentrations than the normotensive family
members.” However, six of those family members with
hypertension had serum potassium concentrations greater
than or equal to normal. On the basis of this evidence, it
was concluded that hypokalemia is not a universal finding
among Liddle’s syndrome patients.” Tamura et al (1996)
reached a similar conclusion in their study of Japanese
kindred with Liddle’s syndrome as confirmed through
genetic sequencing, in which 2 sisters with Liddle’s syn-
drome had hypertension with low plasma aldosterone con-
centrations, but exhibited a normokalemia.'*

Diagnosis
The diagnosis of Liddle’s syndrome can be difficult, as the
differential for secondary sources of hypertension, espe-
cially in the child or adolescent, is broad. Furthermore,
many forms of secondary hypertension can often overlap
in their clinical presentation and laboratory findings.
However, the end-organ damage that can arise from
long-standing hypertension in the Liddle’s syndrome
patient can be severe, which makes the quick recognition
and appropriate treatment of the condition important.'®'
Hereditary causes of hypertension are typically consid-
ered in the child or adolescent patient, though the preva-
than other
causes.'®?%*22* In children and adolescents, renal par-

lence is believed to be much lower

enchymal disease and coarctation of the aorta are the
cause of 70-80% of cases of secondary hypertension.'®°
In young adults, especially women less than 40 years of
age, thyroid dysfunction as well as renal artery stenosis
caused by fibromuscular dysplasia must be considered.?
In adults age 40—64, primary hyperaldosteronism effects
up to 20% of patients with resistant hypertension, while in
the elderly renal stenosis

artery secondary to
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atherosclerotic disease should be suspected.?’ It should be
noted, though, that while hereditary forms of hypertension
such as Liddle’s syndrome are generally diagnosed in
younger patients, adulthood or advanced age does not
necessarily preclude a diagnosis of Liddle’s syndrome.'?

Family history may also provide clues to diagnosis of
LS. Many of the monogenic causes of hypertension have
known patterns of inheritance.>'** Liddle’s syndrome is
autosomal dominant, while disorders such as congenital
adrenal hyperplasia (CAH) and some cases of familial
glucocorticoid resistance (FGR) exhibit autosomal reces-
sive inheritance patterns.”> Given the variable penetrance
of Liddle’s syndrome, however, a clear and complete
family history may be difficult to ascertain based on the
symptomatology of family members alone.*

The clinical and biochemical features of Liddle’s syn-
drome are variably present and can overlap with the fea-
tures of other causes of secondary hypertension. States of
mineralocorticoid excess can mimic the electrolyte imbal-
ances and hypertension of Liddle’s syndrome and can be
renin-independent (primary hyperaldosteronism) such as
with Conn’s syndrome, or renin-dependent (secondary
hyperaldosteronism) such with as renovascular disease.
Familial Hyperaldosteronism Type 1 (Glucocorticoid-
remediable aldosteronism) and Type II, are caused by
mutations to genes coding for enzymes involved in the
mineralocorticoid synthetic pathway within the adrenal
cortex, leading to the overproduction of aldosterone, and
consequent hypertension and hypokalemic metabolic
alkalosis.’**?> Pseudohypoaldosteronism (PHA) type I
and type II are also rare, monogenic forms of hypertension
resulting from improper -electrolyte flux within the
nephron. The patterns of inheritance and sites of mutations
of PHA depend on the type and subtype. PHA-2, or
Gordon syndrome, is typically autosomal dominant, and
results from mutations that alter the activity of a the WNK
family of serine-threonine kinases. These kinases further
alter the activity and expression of other channels, such as
NCC, ROMK, ENaC, and Cl transporters by mechanisms
not yet fully-understood.?* > Ultimately, these mutations
result in increased sodium reabsorption and decreased
potassium secretion, leading to the development of hyper-
tension and hyperkalemia.

Other syndromes and disease can result in the development
of a Liddle’s-like phenotype without a Liddle’s mutation. A
rare mutation to the mineralocorticoid receptor, MRggor, can
also result in a Liddle’s-like phenotype.”> MR is normally
sensitive to aldosterone, and increases ENaC activity. This

mutation expanded the sensitivity of MR beyond aldosterone,
so that it was activated by a number of other steroid com-
pounds, including progesterone. As a result, patients with this
mutation developed even more severe hypertension during
pregnancy. This syndrome is denoted “Hypertension exacer-
bated by pregnancy,” and is distinct from other causes of
elevated blood pressure in pregnancy, such as pre-eclampsia.
Apparent Mineralocorticoid Excess also carries features that
produce a Liddle’s-like phenotype.”*** MR is sensitive to both
aldosterone and cortisol, however circulating levels of cortisol
are higher than that of aldosterone. To maintain low cortisol
levels, principal cells produce 11-B-hydroxysteroid-dehydro-
genase type II (11-B-HSD-II), an enzyme that converts cortisol
to cortisone. In patients with mutations to 11-B-HSD-II, high
cortisol levels result in constitutively active MR. A metabolite
glycyrrhetic inhibits  11-B-HSD-IIL.
Consumption of large amounts of licorice can result in similar

of licorice, acid
symptoms. Congenital adrenal hyperplasia caused by defects
in 11-hydroxylase or 17-hydroxylase can also result in aber-
rant MR activation secondary to overproduction of 21-hydro-
xylated steroids. These patients, however, respond to MR
blockers, and typically present with ambiguous genitalia.**
Familial Glucocorticoid Resistance also features increased
cortisol, in this case due to mutations which lower the sensi-
tivity of the glucocorticoid receptor to cortisol. Positive feed-
back results in chronically elevated cortisol levels, overloading
the ability of 11-B-HSD-II to convert it to cortisone.”> Other
forms of monogenic hypertension produce similar phenotypes,
but do not have the three most important features of Liddle’s
syndrome of elevated blood pressure, low plasma renin and
low plasma aldosterone. Glucocorticoid remediable aldoster-
onism, for example, has a monogenic inheritance pattern, and
increases ENaC activity through MR, but features elevated
plasma aldosterone concentration.

Plasma renin activity and plasma aldosterone concen-
tration can be useful in differentiating between possible
causes of secondary hypertension.?’** For example,
increased plasma aldosterone concentration is a feature
shared by causes of primary hyperaldosteronism and
Gordon syndrome. A plasma aldosterone concentration/
plasma renin activity ratio greater than 30 is cited as a
strong indicator of primary hyperaldosteronism.zl’22’26 In
contrast, plasma renin activity and plasma aldosterone
concentration are typically suppressed in other forms of
heritable
Congenital adrenal hyperplasia, and apparent mineralocor-

hypertension including Liddle’s syndrome,
ticoid excess.?'**?"*® Genetic testing of the genes coding

the three subunits of ENaC, SCNNIA, SCNNIB, and
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SCNNIG can provide definitive confirmation of Liddle’s
syndrome.*> At least 29 separate alleles have been linked
to LS, and nearly all mutations are frameshift, nonsense, or
missense mutations that delete or alter the proline-rich PY
motif of a subunit.>>!"'*2°33 Genetic testing should be
considered in patients with early-onset treatment-resistant
hypertension in the setting of suppressed plasma renin
activity and plasma aldosterone concentration, despite a
positive family history of the disorder.''-'***-'-3* Genetic
testing should also be recommended to all first-degree
relatives of a mutation carrier, since the disease has such

variable penetrance.”>’

However, genetic testing for
known mutations cannot definitively rule out Liddle’s syn-
drome as not all Liddle’s syndrome causing mutations are

necessarily known.

Management

Treatment of Liddle’s syndrome is typically through the use
of a potassium-sparing diuretic, such as amiloride or
triamterene.'® Both diuretics work by blocking the activity
of ENaC, and their efficacy in Liddle’s syndrome cases has
been shown to be enhanced with dietary salt restriction
(under 2 g NaCL per day).** These diuretics can correct
the elevated blood pressure as well as the hypokalemic
metabolic alkalosis seen in Liddle’s patients. Amiloride, in
particular, has been reported to be safe for Liddle’s patients
who are pregnant, though the dose may need to be increased
with the progression of gestational age.?® It may be valuable
to closely monitor serum electrolytes while starting diuretic
therapy for Liddle’s syndrome patients.

Prevalence

Overall population-prevalence of Liddle’s syndrome is not
known. A cross-sectional study of 149 patients at a veter-
an’s clinic in Louisiana with hypertension with hypokale-
mia or high serum bicarbonate, found that 9 patients (6%)
met diagnostic criteria for Liddle’s syndrome of low
plasma renin activity and low aldosterone.** However,
these patients likely do not meet the expectation of early
onset hypertension. If they exhibited the symptoms of
Liddle’s syndrome at the time of enlistment, they may
have been disqualified.

This raises the question of whether the early onset
hypertension seen with Liddle’s syndrome is “early
onset” because hypertension appears early in Liddle’s syn-
drome patients, or if Liddle’s syndrome is detected more
often in young patients because hypertension is not

unusual enough in older patients to warrant further genetic
investigation.

A patient with Liddle’s syndrome mutation who does
not become symptomatic until age 40 is unlikely to undergo
genetic screening for the causes of her hypertension.
Indeed, cases of Liddle’s syndrome have been reported in
patients of advanced age.'? Therefore estimates of Liddle’s
syndrome prevalence based on early-onset cases may
under-represent the overall prevalence of Liddle’s syn-
drome. Likewise, patients who develop hypertension due
to Liddle’s syndrome in pregnancy may be evaluated for
preeclampsia without definitive Liddle’s syndrome diagno-
sis, masking some true cases of Liddle’s syndrome.

The Chinese Academy of Medical Sciences recruited
260 early onset hypertension patients and 300 normal
control patients, and had a panel of nine genes including
SCNNIB and SCNNIG sequenced. An additional 506 early
onset patients had exon 13 of SCNNIB and SCNNIG
sequenced.>> Out of 766 total investigated cases of early-
onset hypertension, 7 were diagnosed with Liddle’s syn-
drome, and following pedigree investigations an additional
10 relatives not initially in the study were diagnosed. This
suggests Liddle’s syndrome as a causative factor in about
0.9-1.5% of early onset hypertension, at least in the
Chinese population. The actual prevalence may be higher
considering the family members who were diagnosed due
to a relative’s hypertension, and aENaC mutations being
unscreened. In this population, Liddle’s syndrome was
more common in patients who were first diagnosed with
early-onset hypertension before the age of 30.

A question exists as to whether Liddle’s syndrome
prevalence is uniformly distributed. A study of 3 puta-
tively unrelated families with Liddle’s syndrome from
the Strait of Messina used mitochondrial and Y chromo-
some genotyping established that these families shared a
common ancestor ~13 generations ago, and that this ances-
tor may have left ~20 carriers alive today.'® A study of 247
severely hypertensive patients with early-onset hyperten-
sion in Japan, looked at two ENaC polymorphisms,
0ENaC T663A, and Prsoum."C Only the oENaC T663A
polymorphism was found to be polymorphic in the
Japanese population, however other ENaC polymorphisms
may have existed. These studies suggest that Liddle’s
syndrome may vary in regional density, and that Liddle’s
syndrome causing mutations may have non-uniform dis-
tribution among populations.

Although current data on Liddle’s syndrome prevalence
likely that Liddle’s

is incomplete, it’s syndrome is
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underdiagnosed. Liddle’s syndrome symptoms appear similar
to a number of other conditions, and genetic screening for
Liddle’s syndrome is not widespread. Larger population-level
genetic screening of all ENaC subunits would be necessary to
achieve accurate estimates of Liddle’s syndrome prevalence,
and screening of non-hypertensives for Liddle’s syndrome
mutations would be necessary for population level estimates
of Liddle’s syndrome penetrance.

Molecular mechanisms

Liddle’s syndrome is caused by mutations to the genes
SCNNIA, SCNNIB, or SCNNIG, coding for the o, 8, and y
subunits of ENaC. Active ENaC is an obligate heterotri-
mer, of at an a, B, and y subunits. Each subunit has a large
extracellular loop, two transmembrane domains, and intra-
cellular amino and carboxy termini (Figure 1). One of the
primary regulators of ENaC activity is aldosterone, which
activates ENaC by a number of means, directly, and
through mineralocorticoid receptor triggered expression
changes in a number of upstream genes.

In the initial study of Liddle’s syndrome the paradox-
ical symptoms of mineralocorticoid excess while having
low mineralocorticoids allowed Liddle et al to narrow the
dysfunction to the distal nephron, downstream of the
effects of aldosterone. When Liddle’s syndrome was

Wild-Type ENaC

Tubular Lumen
u i
Cell Interior
NH, %
. COOH

Figure | Each ENaC subunit has intracellular amino and carboxy termini, two
transmembrane domains, and an extracellular loop. When an intact PY motif is
present the E-3 ubiquitin ligase NEDD4-2 can bind to ENaC carboxy termini, and
ubiquitinate amino termini. In typical Liddle’s syndrome this mechanism is disrupted.

revisited in the 1990s, the amiloride-sensitive sodium
channel in the distal nephron had been termed ENaC.
Botero-Velez et al hypothesized that constitutive activation
of ENaC might be the cause of Liddle’s syndrome based
on its sensitivity to the ENaC blockers amiloride and
triamterene, the effectiveness of renal transplantation at
restoring electrolyte balance and normotension, and the
associated hypokalemia. If this hypothesis were true, the
activation of ENaC in Liddle’s syndrome would have to be
independent of aldosterone, due to the low circulating
aldosterone levels in such patients.

Following the cloning of the human BENaC gene,
SCNNIB, a variant allele was shown to have 100% linkage
to the family of the proband.’” Sequencing showed this
Liddle’s syndrome causing allele to be the result of a C->T
mutation at A564, resulting in a stop codon at this position.
DNA from additional patients from four other families
affected by Liddle’s syndrome were screened, identifying
one patient with a mutation identical to the proband, and
three novel mutations, Q589->stop, and two frameshift muta-
tions at positions 592, and 595. One of these families had
been previously diagnosed with Liddle’s syndrome, confirm-
ing that Liddle’s syndrome was caused by mutations to
ENaC.*®

The functional consequences of the BENaC A564 trun-
cation were studied in rat ENaC expressed exogenously in
Xenopus laevis oocytes.> This system allows for measure-
ments of sodium currents as a proxy for ENaC activity in
oocytes heterologously expressing the channel. Oocytes
expressing the truncated BENaC, along with wild type
alpha and gamma subunits, had multiple fold greater over-
all currents, compared to oocytes expressing all wild type
subunits, showing that this truncation resulted in an ENaC
gain of function. Truncation of the YENaC subunit at a
homologous position, but not aENaC also resulted in a
gain of function which was additive to the fENaC trunca-
tion effect. Single channel patch clamp experiments ruled
out changes to single channel conductance, open-close
times, or sodium selectivity as explaining the high activity
of these channels but did suggest a greater number of
active channels present at the membrane. This provided
direct evidence that the symptoms of Liddle’s syndrome
were the result of an ENaC gain of function, possibly
through an increase in membrane density, or possibly
through activation of quiescent channels. Other investiga-
tors have found that the truncated BENaC subunit both
increases surface expression, and increases the channel
open probability.** Investigation of a large kindred with
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Liddle’s syndrome that had previously been identified in
Japan found a truncated YENaC subunit, but not BENaC
subunit defect, confirming the experimental finding that a
yENaC mutation can also cause Liddle’s syndrome.'**' A
rodent ENaC with this YENaC truncation also produced
high sodium currents in Xenopus oocytes, adding evidence
that ENaC gain of function due to truncation of the B or y
subunits was the cause of Liddle’s syndrome.

This left open the question of which amino acids in the
carboxy termini of § and y ENaC were critical for this gain
of function. Mutagenesis studies identified a short proline
rich segment (PPPXY), called a PY motif, present in all
three subunits as being necessary and sufficient to cause
the Liddle’s gain of function.*” A companion paper iden-
tified Nedd4, a ubiquitin ligase, as the binding partner of
the ENaC PY motifs by yeast two-hybrid screening and in
vitro binding assays.*> The binding interaction was nar-
rowed to the WW domains of INEDD4, and the key amino
acids were identified as the PPXY motif. These interac-
tions were also present in YENaC, and to a lesser degree
aENaC. Although a mutation to the aENaC PY motif
could potentially lead to Liddle’s syndrome, no kindred
has as yet been identified with this mutation.

Co-expression of Nedd4 and ENaC RNA in Xenopus
oocytes resulted in reduced ENaC activity, and mutation of
the PY motif eliminated this inhibition.** This confirmed
that loss of interaction with a Nedd4 family member was a
likely mechanism for Liddle’s syndrome. This inhibition
likely occurred through a decrease in cell surface expres-
sion, rather than a change to single channel properties.
However, mammals have two Nedd4 family member pro-
teins, Nedd4-1 and Nedd4-2. It is Nedd4-2 that is the
physiological regulator of ENaC activity. Nedd4-2 has
greater homology to the Nedd4 homolog found in
Xenopus oocytes, Nedd4-2 is expressed in the kidney, and
Nedd4-2 interacts with ENaC, but Nedd4-1 does not.*>*¢

Ubiquitylation normally targets proteins for rapid
degradation, usually in the 26S proteosome, but in the
case of transmembrane proteins, often in the lysosomal
pathway. A series of enzymes, including a ubiquitin acti-
vating enzyme, ubiquitin-conjugating enzyme, and a ubi-
ligase like Nedd4-2 are
covalently attaching either a single ubiquitin, or a poly-

quitin-protein involved in
ubiquitin chain to lysine residues. Studies in transiently
transfected cultured cells showed ubiquitination of the
ENaC q, and y subunits, but not p.*’ Together these data
provided a potential mechanism underlying Liddle’s syn-
drome that the Nedd4’s WW domains bind ENaC’s PY

motifs, and ubiquitinates ENaC, resulting in decreased
membrane density. Absent this ubiquitination in Liddle’s
syndrome patients, ENaC accumulates at the membrane,
resulting in greater sodium reabsorption from the urine,
leading to intravascular volume expansion.

The Liddle’s syndrome phenotype overlaps some with
that of hyperaldosteronism, despite low serum aldosterone.
This left open the question of whether Liddle’s syndrome
mimicked a physiological state normally induced by high
aldosterone. Serum and gluococorticoid-related kinase
(SGK1) was identified as being upregulated in response
to aldosterone, and as stimulating ENaC activity.***’ The
effects of SGK1 on ENaC are through increased mem-
brane density, similar to the proposed mechanism for
Liddle’s syndrome.>® SGK1 was shown to phosphorylate
Nedd4-2, inhibiting its ability to ubiquitinate ENaC, lead-
ing to enhanced ENaC cell surface expression and
activity.”' Therefore, Liddle’s syndrome mimics aldoster-
one mediated SGK1 activity.

ENaC gain of function explains the symptoms of
Liddle’s syndrome. Increased ENaC activity leads to
increased sodium reabsorption, volume expansion, and
hypertension. Elevated blood pressure is sensed by the
juxtaglomerular apparatus, leading to decreased renin pro-
duction, and decreased aldosterone production. However
because the mutant ENaC in Liddle’s syndrome patients is
unable to respond to regulation by MR through the SGK1
and NEDD4-2 pathway,
antagonists such as spironolactone are ineffective at low-

mineralocorticoid receptor
ering blood pressure. The defects in sodium absorption in
the distal nephron also explain the hypokalemia associated
with LIddle’s syndrome. Distal nephron potassium chan-
nels including the renal outer medullary potassium chan-
nel, and the voltage and calcium activated big K channel
are responsible for potassium efflux in this segment.>
There is coupling of K" and Na" movement in principal
cells of the distal nephron because movement of both ions
across the serosal membrane occurs through active coun-
tertransport through the Na'/K"™ ATPase and movement
across the luminal membrane is in opposite directions
following the electrochemical gradient established by the
Na'/K" ATPase. In Liddle’s syndrome, inappropriately
high sodium reabsorption results in inappropriately high
potassium secretion. Additionally, sodium reabsorption
creates an environment favorable to H' secretion in neigh-
boring intercalated cells by creating a lumen negative

potential. This model, showing the regulatory mechanisms
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associated with the dysfunction seen in Liddle’s syndrome
is illustrated in Figure 2.

Dietary sodium restriction and potassium sparing
diuretics are effective at treating the symptoms of
Liddle’s syndrome because filtered sodium modulates
ENaC activity, and triamterene’s mechanism of action is
to inhibit ENaC directly.

In addition to changes to Nedd4-2 binding to ENaC,
complementary mechanisms have been identified that can
result in Liddle’s syndrome. These include changes to
ENaC activity resulting from absence of the PY motif, such
as a change in sensitivity to high intracellular [Na‘],*
changes to activation of ENaC by proteolytic cleavage,™
non-NEDD4-2 mediated changes to trafficking,”> and
increases to channel open probability.>® Additionally, a
Liddle’s syndrome-causing mutation has been identified
that does not act on the PY-motif, but increases open prob-
ability-aENaC C479R.”” The overall prevalence of this alter-
native Liddle’s syndrome mechanism is unknown.

Interestingly, the end-organ damage associated with severe
hypertension may also depend in part on ENaC, as well. ENaC
is expressed in a number of tissues and has recently been

Distal Nephron

+

a
BK ROMK
Tubular Lumen
K+ ENaC)\ K+
_ NEDD4-2
©
o
©
£

\ CD MR 3 Nat
Interstital fluid
2K+
A\ Aldosterone Na*/K* ATPase

Figure 2 Model of a principal cell of the distal nephron. In normal conditions
aldosterone activates mineralocorticoid receptor (MR), which can increase tran-
scription of ENaC subunits, or an inhibitor of NEDD4-2, SGK. The Na+/K+ ATPase
creates the electrochemical gradient for the reabsorption of sodium, and potassium
efflux in these cells. In Liddle’s syndrome, additional sodium reabsorption in these
cells can result in additional potassium efflux through ROMK, and BK channels.

identified in dendritic cells.”® ENaC in these cells is involved
in mediating sodium induced inflammation,> suggesting an
alternative means by which ENaC mutation directs the course
of Liddle’s syndrome, by mediating the immune component of
end-organ damage. However, § ENaC has not been detected in
dendritic cells, meaning that the bulk of Liddle’s syndrome
mutations would be unlikely to affect ENaC activity in den-
dritic cells.

Glossary of terms
Liddle’s-like Phenotype— Used here to mean the constella-
tion of symptoms: Elevated blood pressure, low plasma
aldosterone, low plasma renin, and sometimes hypokale-
mia, and metabolic alkalosis.

Liddle’s Mutation— Used here to mean any gain of
function mutation to an Epithelial Sodium Channel subunit
that results in Liddle’s syndrome, usually through changes
to membrane density or open probability.

Liddle’s syndrome— Used here to mean Liddle’s Phenotype
secondary to a Liddle’s Mutation.
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