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Summary

 

Objectives 

 

Multisystem pseudohypoaldosteronism (PHA) is a rare

autosomal recessive aldosterone unresponsiveness syndrome that

results from mutations in the genes encoding epithelial sodium

channel (ENaC) subunits 

 

α

 

, 

 

β

 

 and 

 

γ

 

. In this study we examined three

PHA patients to identify mutations responsible for PHA with different

clinical presentations.

 

Patients 

 

All three patients presented uniformly with symptoms of

severe salt-loss during the first week of life and were hospitalized for

up to a year. Beyond infancy, one of the patients showed mild renal

salt loss and had no lower respiratory tract infections until 8 years

of age, while the other patients continue with a severe course.

 

Results 

 

We sequenced the complete coding regions and intron–

exon junctions of the genes encoding 

 

α

 

, 

 

β

 

 and 

 

γ

 

 subunits of ENaC

for all patients. The results revealed that the mild case represents

a novel compound heterozygote including a missense (Gly327Cys)

mutation in the 

 

α

 

ENaC gene. Sequences of relatives over three

generations confirmed that the missense mutation co-segregates

with PHA. This mutation was not found in 60 control subjects. The

other patients with severe PHA had two homozygous mutations,

a novel deletion mutation in exon 8 of the 

 

α

 

ENaC gene and a splice

site mutation in intron 12 of the 

 

β

 

ENaC gene. Most of the PHA-causing

mutations appear in the 

 

α

 

ENaC gene located on chromosome 12

rather than in the 

 

β

 

 and 

 

γ

 

ENaC genes located tandemly on chromo-

some 16. However, the frequency of sequence variants in patients

and control subjects showed no difference between genes.

 

Conclusions 

 

Severe PHA cases are associated with mutations

leading to absence of normal-length 

 

α

 

, 

 

β

 

 or 

 

γ

 

ENaC, while a mild case

has been found to be associated with a missense mutation in 

 

α

 

ENaC.

The predominance of PHA-causing mutations in the 

 

α

 

ENaC gene

may be related to the function of this subunit.

(Received 11 November 2004; returned for revision 27 December 

 

2004; finally revised 7 January 2005; accepted 14 February 2005)

 

Introduction

 

Pseudohypoaldosteronism type I (PHA) is a syndrome of unrespons-

iveness to aldosterone that is expressed in two distinct forms: renal

PHA and multisystem PHA.

 

1

 

 While the renal form generally results

from autosomal dominant mutations in the mineralocorticoid

receptor,

 

2,3

 

 multisystem PHA results from autosomal recessive

mutations in the genes encoding epithelial sodium channel (ENaC)

subunits.

 

4–11

 

ENaC is composed of three related subunits (

 

α

 

, 

 

β

 

 and 

 

γ

 

) encoded

by three genes located on chromosomes 12 and 16.

 

4,6,12–14

 

 ENaC

subunits are expressed in epithelial cells lining the renal tubule,

respiratory airways, the distal colon and the ducts of several exocrine

glands, such as salivary and sweat glands. ENaC plays an important

role in electrolyte homeostasis and the control of blood volume and

blood pressure.

 

14,15

 

In the absence of a fully functional ENaC, multisystem PHA patients

lose salt from all aldosterone-dependent epithelial cells. The clinical

and laboratory characteristics of multisystem PHA include severe and

life-threatening episodes of salt wasting with extreme hyperkalaemia,

hyponatraemia, dehydration, failure to thrive and markedly elevated

levels of aldosterone and plasma renin activity (PRA).

 

1,7–11,16

 

 Disease

symptoms manifest during the first week of life and require prolonged

hospitalizations. Salt-wasting episodes recur frequently and the

patients need life-long high-salt therapy (iv or dietary salt supple-

mentation up to 45 g/day). The mortality rate is high, especially during

the neonatal period.
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Besides the usual symptoms of salt wasting, we have reported that

the multisystem PHA patients also frequently exhibit respiratory

tract disease, especially up to the age of 5–6 years.

 

17

 

 The cause of these

pulmonary manifestations was shown to be excess liquid in the air-

ways due to inadequate absorption of Na and water because of defect-

ive ENaC function.

 

7

 

 These phenotypic features exist uniformly in all

affected patients. The question of possible phenotype–genotype rela-

tionships in PHA has not been addressed in previous studies. This

is probably because of the rarity of the syndrome and lack of long-

term follow-up evaluation of PHA patients.

In this study, we have examined three independent patients with

multisystem PHA who share the basic common characteristics of

the disorder. Beyond the neonatal period, long-term (up to 8·3 years)

prospective evaluation of two of the patients showed significant

differences in the severity and the course of disease. Our findings

revealed different types of mutations that help to explain the different

phenotypic expression of multisystem PHA. We examine and classify all

previously reported cases in the light of the phenotypic and genotypic

differences we observed in our new patients.

 

Subjects and methods

 

Subjects

 

The backgrounds of the PHA patients are presented together with

their clinical description. The control population for examination

of the frequency of the novel missense mutation included 60 normal

subjects from Szczecin and Katowice regions in North and South

Poland, respectively. Patients and control individuals whose entire

coding regions of 

 

α

 

, 

 

β

 

 and 

 

γ

 

 ENaC genes were sequenced represent

the following ethnic groups: Israeli-Arab, Belgian, Canadian, Jewish

(Sephardic), Polish and Turkish.

 

Genomic DNA isolation, PCR and sequencing

 

Genomic DNA of the patients and their relatives was extracted from

white blood cells as described previously.

 

13

 

 The DNA samples of the

control subjects were isolated from the umbilical blood of a contiguous

series of neonates.

Segments of 

 

α

 

, 

 

β

 

 and 

 

γ

 

 ENaC genes were amplified using previously

described primer sets

 

13

 

 and additional primer sets shown in Table 1.

Polymerase chain reaction (PCR) was carried out using a Taq poly-

merase kit (Takara, Japan). PCR products were run on 2% agarose

gel, extracted and purified using QIAquick Gel Extraction kit

(Qiagen, Germany). Sequencing reactions were carried out using dye

terminators (ABI). Dye terminators were removed using DyeEx Spin

kit (Qiagen) and the DNA sequences were analysed in our laboratory

using an ABI automated DNA sequencer.

 

Results

 

Clinical course of PHA patients

 

All three PHA cases described below followed a severe course of

multisystem PHA during the neonatal period with increased con-

centrations of sodium and chloride in sweat and saliva (Table 2).

Patient 44 followed a clinical course that differed significantly beyond

this period. He was born at full term to healthy nonconsanguineous

Polish parents (birthweight 4·1 kg). He presented at the age of 3 days

with severe electrolyte disturbances, poor feeding, vomiting and

weight loss. His younger brother aged 2 years 8 months is healthy.

Laboratory examinations showed marked hyponatraemia, hyper-

kalaemia and metabolic acidosis (pH 7·3; HCO

 

3

 

, 13·7 mmol/ l). Episodes

of hypovolaemic shock and severe electrolyte imbalance persisted

for 2 weeks despite therapy with iv fluids, bicarbonate and NaCl.

Laboratory evaluation revealed persistent hyperaldosteronism and

hyper-reninaemia with urinary salt wasting and increased Na/K ratios

(Table 2). Other renal and adrenal functions were normal. He gradu-

ally improved with iv NaCl therapy (11 g/day) and cation exchange resin

(1 g/kg/day). He was discharged at the age of 4·5 months.

After discharge he remained free of salt-wasting episodes and

lower respiratory tract infections and did not require hospitaliza-

tion throughout the entire follow-up period. Laboratory data were

consistent with milder salt wasting. During follow-up visits every

1–6 months (Table 3), electrolyte levels were within the normal

range except for an isolated episode of mild hyponatraemia and

hyperkalaemia at 5 months of age (Na, 133 mmol/ l; K, 6·4 mmol/ l).

His urinary sodium/potassium ratio remained significantly lower

than the ratio observed in the other two patients (Table 2). Sweat and

saliva electrolytes (

 

N

 

 = 8) remained persistently elevated (Table 2).

Cation exchange resin was discontinued at the age of 15 months.

Currently, at 8·3 years of age he is still on a high-salt diet (8 g NaCl/

day) and is growing normally.

Patient 66 was born after a normal pregnancy (birthweight

3·2 kg). His parents are Israeli Arabs whose grandparents were first

cousins. The parents and two brothers aged 8 and 4 are healthy. A

younger sister died at the age of 3 months after a short illness. The

patient was hospitalized at 6 days of age because of a shock-like

episode and severe dehydration. Laboratory findings showed marked

hyperkalaemia, hyponatraemia, acidosis (pH 7·2) and increased urinary

 

Primer Exon Forward Reverse Temperature (°C)

A5F–A5RO 4 cctctgactctagtctctgtgtc agagcaaggagccaggcagga 65

A5aR 5 taggaggtgagctcaaggta 60

A6aF 6 tcttcctgaacttgcttctc 55

B10FO–B10RO 10 cgcagagagagacctgcatt agacttgtccccagccaaag 64

G2FO–G2·1RO 2 aagggcggatggactggtgt gcgtttccctgctcatgcct 65

G11F–G12R 13 ttgatggtgtggcttggcctg gatctgtcttctcaaccctgc 60

Table 1. New primer sets used to amplify and sequence 
exons and introns of the human α, β and γ ENaC genes
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sodium (47 mmol/ l) and Na/K ratio (Table 2). He was treated with

iv saline, and Kayexalate. Aldosterone level and PRA were markedly

elevated. Renal, adrenal and thyroid function tests (renal ultrasound,

basal and ACTH-stimulated 17-hydroxyprogesterone and cortisol,

free T4 and TSH levels) were normal. Urinary Na and Na/K ratios

remained high (Table 2). Frequent episodes of salt wasting and

marked hyperkalaemia (up to 10 mmol/ l) necessitated prolonged

hospitalization. He was discharged at the age of 4·5 months. Recurrent

episodes of vomiting and dehydration persisted (hospitalizations

every 1–3 months). To prevent life-threatening salt-wasting episodes,

gastrostomy was performed at 14 months of age to provide high

amounts of NaCl (20 g/day) and improve his caloric intake.

Additional clinical characteristics included persistent clear nasal

discharge, frequent lower respiratory infections associated with

wheezing, and failure to thrive. Following gastrostomy, the number

of hospitalizations decreased significantly (1–2 per year). However,

he still gets lower respiratory infections. Currently, at the age of 4 years

he is still on a high-salt diet (15 g NaCl/day) by gastrostomy and

Kayexalate.

Patient TR2 was born at term and delivered by caesarean section.

Her birthweight was 3·65 kg. Her parents are first cousins. A brother

and sister died at the age of 1 week after a fulminant, undiagnosed

illness characterized by vomiting. A 17-year-old sister has been followed

up for congenital hepatic fibrosis. The patient was transferred to a

neonatal intensive care unit at 8 days of age with a 1-day history of

vomiting. Physical examination revealed a mildly dehydrated infant,

weighing 3·4 kg. Laboratory examination showed marked hypo-

natraemia and hyperkalaemia with urinary salt wasting. PRA and

aldosterone levels were extremely high (Table 2). Renal and adrenal

functions tests were otherwise normal. She was treated with iv NaCl

and Kayexalate. Because of extremely high potassium levels, peritoneal

dialysis was also performed. Currently, at 5 months of age, she is

on a high-salt diet (3 g NaCl/day) and Kayexalate (4 g 

 

×

 

 3/day) and

is developing normally. Her electrolytes are now normal (Table 2).

 

PHA-associated mutations

 

We sequenced the complete coding regions and intron–exon junctions

of the 

 

α

 

, 

 

β

 

 and 

 

γ

 

 ENaC subunit genes of the PHA patients. In patient 44,

Table 3. Principal differences between mild (patient 44) and severe 
phenotypes of multisystem PHA beyond 5 months of age
 

Phenotype

Mild Severe

Salt wasting Mild Severe

Hospitalization None Frequent

Respiratory illness No Yes

Growth failure No Yes

Therapy NaCl, Kayexalate NaCl, sodium bicarbonate

Kayexalate, gastrostomy

Mortality No High risk

Mutations Compound heterozygote

(missense and deletion)

See Table 4
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we observed two heterozygous mutations in exons 5 and 8 of 

 

α

 

ENaC

(Fig. 1, Table 4). The first mutation was found in the last nucleotide

of exon 5 (1078 G

 

→

 

T), which converted GGT codon coding for

glycine-327 into a TGT codon coding for cysteine. Thus, this allele

encodes a protein with a missense mutation (Gly327Cys). The mutation

at exon 8 (1404delC) was a deletion that would result in a frameshift

mutation (Phe435fr) (Fig. 1). Sequencing the genomic DNA of both

parents and maternal and paternal grandparents revealed that the

mutation in exon 5 was inherited from the maternal grandfather, and

the mutation in exon 8 was inherited from the paternal grandfather

(Figs 1 and 2). Genomic DNA of a sibling who shows no signs of

PHA showed a normal sequence without these heterozygosities,

indicating that he inherited the normal alleles from both parents.

Sequencing of 

 

α

 

ENaC exon 5 from 60 normal Polish control subjects

did not show any mutation in this region. The mutated Gly327

appears in the extracellular domain of 

 

α

 

ENaC in a region that is

strictly conserved in all known sequences of ENaC from eight species,

including Xenopus (Fig. 3).

For patient TR2 sequencing revealed a novel deletion mutation

in exon 8 of the 

 

α

 

ENaC gene at Ser452 codon, which results in a frame-

shift error. Genomic DNAs of both parents showed heterozygosity

at this position, confirming that the patient inherited the mutated

allele from both parents (Fig. 4).

For patient 66, sequencing analysis revealed a homozygous

mutation of G to A in the first nucleotide of intron 12 of the 

 

β

 

ENaC

gene. This mutation changed the conserved GT pair at the 5

 

′

 

 end of

the intron resulting in abnormal splicing of the 

 

β

 

ENaC mRNA, and

Fig. 1 Compound heterozygote mutations in the gene encoding the αENaC subunit in family 44. Left panel: Exon 5 region missense mutation: 1078 G→T, 
Gly327Cys. The sequences for both the mother (M) and PHA son show heterozygosity with G and T at the same location (boxed), while the father’s sequence 
is normal. Right panel: Exon 8 region deletion mutation: 1404delC, Phe435fr. The sequences for both the father (F) and PHA son show heterozygosity with 
a deletion at the same location (boxed), while the mother’s sequence is normal.

Fig. 2 Pedigree of family 44 showing inheritance pattern of mutations. The 
mother and maternal grandfather carry a heterozygous missense mutation (black) 
in αENaC exon 5 (1078G→T, Gly327Cys). The father and paternal grandfather 
carry a heterozygous deletion mutation (shaded) in αENaC exon 8 (1404delC, 
Phe435fr). Normal alleles are shown in white. The arrow marks the propositus.
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consequently absence of normal 

 

β

 

ENaC subunit. Genomic DNAs of

both parents showed heterozygosity at this position, confirming that

the patient inherited the mutated allele from both parents (data not

shown).

For all three patients noted above, sequencing of all three subunit

genes did not reveal additional changes that could be associated with

PHA. The sequencing of the entire coding regions of all three subunit

genes in the three patients and in four additional subjects representing

altogether five different ethnic groups revealed only a few phenotypically

silent sequence variants different from previous sequences (Table 5).

 

Discussion

 

In this study we have identified four mutations responsible for

multisystem PHA in three new patients. Together with the findings

presented here, world-wide there are 22 independent mutations

known in the coding regions of ENaC subunit genes (Table 4).

The majority (19 out of 22) of the multisystem PHA-associated

mutations led to abnormal-length mRNA or protein as a result of

deletion, insertion or splice site mutations (Table 4). Without excep-

tion, all these mutations are associated with the severe phenotype of

Table 4. Mutations identified in coding regions of ENaC subunit genes in patients with autosomal recessive multisystem PHA
 

Subunit Location Mutation Codon change Phenotype Ethnicity Reference

Missense mutation

Alpha Exon 5 1078 G→T Gly327Cys* Mild* Polish This study

Alpha Exon 13 1784C→T Ser562Leu* Mild?* Swedish Schaedel et al.8

Beta Exon 2 236 G→A Gly37Ser ? Arab Chang et al.4

Non-missense mutation

Alpha Exon 2 256 C→T Arg53stop ? Northern Europe Kerem et al.7

Alpha Exon 2 302delTC Ile68fr Severe Saudi Chang et al.4

Alpha Exon 3 604delAC Thr169fr Severe Hispanic Kerem et al.7

Alpha Exon 4 828delA Ser243fr Severe Swedish Schaedel et al.8

Alpha Exon 8 1404delC Phe435fr Severe Hispanic Kerem et al.7

Alpha Exon 8 1439insT Tyr447fr Severe Pakistani Saxena et al.11

Alpha Exon 8 1449delC His450fr* Mild* Polish This study

Alpha Exon 8 1449delC His450fr Mild/Severe† Swedish Schaedel et al.8

Alpha Exon 8 1455delC Ser452fr NLT Turkish This study

Alpha Exon 10 Arg492stop Severe Dutch? Bonny et al.10

Alpha Exon 11 1621C→T Arg508stop Severe Indian Muslim Saxena et al.11

Alpha Exon 11 1621C→T Arg508stop Severe Jewish (Iranian) Chang et al.4 

Kerem et al.7

Beta Exon 3 647insA Leu174fr ? Jewish (Ashkenazi) Kerem et al.7

Beta Exon 5 915delC Ser263fr ? Jewish (Ashkenazi) Kerem et al.7

Beta Intron 12 1669 + 1G→A Abnormal splicing Severe Arab This study

Beta Intron 12 1669 + 1G→A Abnormal splicing Severe Scottish Saxena et al.11

Gamma Intron 2 318 − 1G→A Abnormal splicing NLT Indian Strautnieks et al.6

Gamma Intron 12 1570 − 1G→A Abnormal splicing Severe Japanese Adachi et al.9

Gamma Exon 13 1627delG Val543fr Severe Japanese Adachi et al.9

*Compound heterozygote including a missense mutation. †Mild phenotype in association with missense. Severe phenotype in association with another deletion 
mutation. NLT, no long-term clinical data.

Fig. 3 Comparison of the sequences of αENaC 
from eight species. The arrow marks the position 
of the Gly327Cys mutation. Note that glycine at this 
position is conserved in all species. The segment of 
the human sequence starts at Pro-264 and ends at 
Pro-341. Sequences from other species were 
obtained from the Swiss-Prot protein database.

Table 5. Frequencies of sequence variants observed in all three ENaC subunit genes 
whose coding regions were sequenced entirely for seven independent subjects
 

αENaC 

SCNN1A

βENaC 

SCNN1B

γENaC 

SCNN1G

Chromosome  12  16  16

Variants  2  2  2

Length (bp)  2007  1920  1947

Frequency/1000 bp 0·997 1·042 1·027

Entrez Accession codes for reference sequences: SCNN1A: X76180; SCNN1B: 
AJ005383; SCNN1G: AF356502.
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PHA (Table 2) that matches the first description of multisystem

PHA.1

Only three out of the 22 known mutations are missense

mutations. Our patient with the missense mutation represents

the first well-documented PHA patient with long-term follow-

up (over 8 years) who had a mild form of PHA unlike other PHA

patients (Table 3). Beyond infancy, while the clinical course of

patient 44 was characterized by mild renal salt wasting, absence

of lower respiratory tract symptoms and normal growth, patient

66 exhibited recurrent salt-wasting episodes and pulmonary

infections throughout follow-up. Therapeutic measures necessary

to prevent salt wasting were also milder in patient 44 relative to the

severe cases. The patient did not require Kayexalate after the

age of 15 months, and dietary NaCl supplementation was suffi-

cient to normalize electrolytes allowing normal growth. The

patient with the αENaC Ser562Leu mutation was also reported

to show mild pulmonary manifestations, but the extent of renal

salt wasting was not reported.8 The report for the third patient

with a Gly37Ser mutation does not have sufficient clinical data

for classification.4

The observation of a milder phenotype for missense as opposed

to a severe phenotype for nonmissense mutations in ENaC subunit

genes is understandable. While the nonmissense mutations lead to

absence of normal-length protein, missense mutations allow synthesis

of a normal-length subunit that is more likely to support channel

activity than an absent subunit. Schaedel et al.8 suggested that lung

symptoms in PHA are associated with defective αENaC subunits

rather than βENaC or γENaC. However, frequent pulmonary

diseases have been described recently in a 7-year-old Japanese child

with compound heterozygous mutations in the γENaC subunit

gene.9 Our patient 44 with a mutation in the αENaC subunit

had no recurrent pulmonary infections. Thus, present data do not

support a specific association of only the αENaC subunit with the

severe phenotype.

In the absence of in vitro expression studies on the mutated

subunit we do not know the precise effect of the mutation on the

ENaC structure and function. The Gly327Cys mutation is located in

the extracellular domain of αENaC (see compared sequences13).

Thus, our results indicate that the extracellular domain is important

for the function of the subunit. Understanding the specific structural

Fig. 4 Sequence of the αENaC gene exon 8 segment 
with a deletion mutation in patient TR2. The top 
sequence belongs to patient TR2. The arrow marks 
the position of the deleted nucleotide C. The bottom 
two sequences are of the father and mother, respectively. 
Both sequences show heterozygosity with a normal 
allele (AGCACAGTTCCTGG) and an abnormal 
allele with a deletion (AGCACAGTTCTGGG). 
Sequencing was carried out using primer A9F.
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and functional consequences of the mutation awaits determination

of the structure of this domain.

The majority of the multisystem PHA mutations (14 out of 22)

appear on the αENaC gene (Table 4). Within the αENaC gene the

mutations appear more frequently in exon 8. It still remains to be

seen whether this tendency will persist as more novel mutations

are discovered. The frequencies of phenotypically silent sequence

variants are low and do not show a difference among the different

subunit genes located on different chromosomes (Table 4). The

number of single nucleotide polymorphism (cSNP) in the NCBI

SNP database (http://www.ncbi.nlm.nih.gov/SNP/) is 7, 12 and 10

for the α, β and γ subunits, respectively. In addition to the coding

region mutations noted in Table 4, a PHA associated mutation has

also been reported in the promoter region of the αENaC gene.18

The deletion in exon 8 (1404delC) was previously observed in a

Swedish patient with multisystem PHA in combination with a different

mutation.8 We do not know whether our finding of the same exon 8

mutation in a Polish family reflects a common origin.

In patient 66 of Arabic origin we identified a homozygous mutation

causing abnormal splicing, identical to a mutation we recently reported

in a Scottish patient.11 This mutation should lead to the absence of

normal mRNA for the βENaC subunit. The mutation is located at

a CpG hotspot. Therefore, it does not necessarily indicate a common

genetic origin for the mutations.

The new multisystem pseudohypoaldosteronism cases and

mutations elucidated in this report provide a better understanding

of the molecular bases of this disease and their phenotypic expression.

The mutations provide clues about functionally important regions

of epithelial sodium channel subunits.
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