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Abstract Pseudohypoaldosteronism (PHA) is character-
ized by urinary salt-wasting in infancy resulting from a
congenital resistance to aldosterone involving the genes
for the mineralocorticoid receptor (MR) and the amil-
oride-sensitive sodium channel (ENaC). We identified, in
a Japanese patient with sporadic PHA, three homozygous
substitutions in the MR gene: G?P—C?1, AT4—-G7#
(Tle'0—Val!80), C938—T938 (Ala2*!—Val**!), which had pre-
viously been reported to occur in healthy populations. Lu-
ciferase activities induced by MR with either G213—C?15,
Ile'80—Val'80 or Ala?*!'—Val?*! substitution were signifi-
cantly lower than those for wild-type MR with aldosterone
at concentrations ranging from 10-!! to 10° M, 10 M, or
10" to 10-° M, respectively. A homozygous A—G sub-
stitution of the donor splice site of ENaC intron 4 was
found in the patient. The corresponding cDNA exhibited a
normal structure, suggesting that this substitution does not
alter the splice. The results suggest that each of three MR
polymorphisms identified in our patient is functionally
and structurally heterogeneous. We hypothesize that two
or more “functional” polymorphisms, any of which ex-
hibits only slight effects on MR or ENaC function and is
alone incapable causing PHA, may in the right allelic
combination induce the negative salt-conservation charac-
teristic of PHA.

Introduction

Pseudohypoaldosteronism (PHA), a congenital condition
that presents in infancy with urinary salt-wasting and fail-
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ure to thrive, has been reported in over 70 patients (Cheek
and Perry 1958; Speiser et al. 1986), approximately one
fifth of whom have the familial form. All patients possess
renal tubular unresponsiveness to aldosterone, and some
also exhibit multiple mineralocorticoid target tissue in-
volvement, including the sweat and salivary glands and
the colonic epithelium. In kindreds with PHA, both an au-
tosomal dominant and a recessive form of genetic trans-
mission have been reported (reviewed by Speiser et al.
1986; Kuhnle 1997).

The mechanism by which aldosterone regulates sodium
transport in target tissues involves both the mineralocorti-
coid receptor (MR) and amiloride-sensitive sodium chan-
nel (ENaC). ENaC is expressed in the apical membrane
with MR being expressed in the cytosol or nucleus in the
epithelial cells of the distal convoluted tubule in the kid-
ney and other tissues involved in salt conservation, in-
cluding the sweat and salivary glands and the colonic ep-
ithelium.

Mutations in ENaC or MR have been reported in auto-
somal recessive kindreds with PHA and a sporadic Japa-
nese patient (Chang et al. 1996; Strautnieks et al. 1996;
Adachi et al. 2001), or autosomal dominant kindreds with
PHA (Geller et al. 1998; Tajima et al. 2000), respectively.
One MR allele is knocked out in affected members in the
kindred described by Geller et al. (1998) suggesting that
full expression of both MR alleles is required for normal
salt conservation. However, patients with PHA, especially
with sporadic PHA, do not always exhibit abnormalities
in the genes for ENaC or MR (Arai et al. 1994, 1995,
1999; Corvol and Funder 1994; Komesaroff et al. 1994;
Zennaro et al. 1994). Polymorphisms in the genes for MR
or ENaC are found not only in patients with PHA, but are
also normal features of the population at large. The effects
of these polymorphisms on MR and ENaC functions have
been little studied, and the pathophysiology of this syn-
drome thus remains to be elucidated.

To begin to clarify the pathophysiology of this disor-
der, we examined the gene sequences for MR and the a,
B, and vy subunits of ENaC in a Japanese patient with spo-
radic PHA and her parents. We then carried out in vitro
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functional studies on the MR gene variants containing the
identified substitutions.

Subject and methods
Subject

The patient was 3-year-old female born, by spontaneous vaginal de-
livery, at 35 weeks and 5 days with a body weight of 2004 g. She
presented at 8 days of age with abdominal distention, severe hyper-
kalemia (serum K*: 7.8-7.9 mmol/l; normal range at this age:
3.0-7.0 mmol/l) and hyponatremia (serum Na*: 128—-134 mmol/l;
normal range at this age: 134—146 mmol/l) caused by urinary sodium
loss (6.8 mmol/day). Her blood pressure was 68/38 mmHg. Blood
gas measurements revealed metabolic acidosis with respiratory com-
pensation, whereas her renal and adrenal functions were normal. The
plasma aldosterone concentration of the patient at 28 days of age
(1623.6 ng/dl; normal range at this age: 38.2+21.0 ng/dl) was ex-
tremely high, and plasma renin activity (10.8 ng/ml per hour; normal
range at this age: 5.7£3.0 ng/ml per hour) was elevated.

A diagnosis of pseudohypoaldosteronism was made following an
extensive evaluation at the Department of Pediatrics, Yamanashi
Medical School. Her urinary sodium excretion was 13.5 mmol/day
when sodium intake was 2 g/day, whereas it was 18.2 mmol/day
when sodium intake was restricted to 0.43 g/day at the age of
9 months. Fludrocortisone (Florinef) was administered at 0.5 mg/day
with sodium intake being restricted to 0.43 g/day. Her urinary sodi-
um excretion before and after administration of fludrocortisone with
sodium intake restriction were 18.2 mmol/day and 18.1 mmo l/day,
respectively. Her urinary sodium excretion did not alter according
to the amount of sodium intake or administration of fludrocorti-
sone, suggesting that she had aldosterone resistance. The sodium
concentrations in the saliva and sweat of the patient were within the
normal range (10 mmol/l and 34 mmol/l, respectively), which sug-
gested that aldosterone resistance was present only in the kidney.
She presented poor weight gain when aged 10-20 days, before
starting sodium replacement. She was the only patient with PHA,
and there was no consanguinity in her family. Both parents were
healthy and exhibited no abnormalities in electrolyte levels, plasma
renin activity, or plasma aldosterone concentrations.

Following the diagnosis, the patient was maintained, until 2
years of age, on high doses of salt. After cessation of salt-replace-
ment therapy, the patient maintained a preference for salty food,
suggesting that the patient still took a large amount of salt.

Sequencing of genomic DNA

After obtaining informed parental consent for DNA analysis, ge-
nomic DNA was isolated by standard techniques from white blood
cells collected from both the patient and her parents. Polymerase
chain reaction (PCR) of genomic DNA fragments was performed

in a final volume of 25 pl containing 100 ng genomic DNA, 20 pmol
sense and antisense oligonucleotide primers, 200 uM each dNTP,
10 mM TRIS-HCI (pH 8.3), 1.5 mM MgCl,, 0.625 U Taqg Poly-
merase (Takara Shuzo, Shiga, Japan). Following an initial denatu-
ration step of 5 min at 95°C, 30 cycles of amplification were car-
ried out in a Gen Amp PCR System 9600 (PE Biosystems, Foster
City, Calif.). Each cycle consisted of 30 s denaturation at 94°C,
30 s annealing at 52°C, and 45 s extension at 72°C. The extension
time for the last cycle was 4 min. Primer sets for the amplification
of o, B, and YENaC subunit genes were as described by Chang et
al. (1996). The MR gene primers were designed to amplify each
exon except exon 2 (Table 1). The genomic DNA fragments of o,
B, and YENaC and MR genes were sequenced directly by Big Dye
terminator cycle sequencing with an ABI 377 automated DNA se-
quencer (PE Biosystems).

Sequencing of tENaC cDNA

Isogen (Nippon Gene, Toyama, Japan) was used to extract total
RNA from peripheral lymphocytes by the acid-guanidinium thio-
cyanate-phenol-chloroform method (Chomczynski and Sacchi
1987). Contaminating genomic DNA was removed by mixing
15 U RNase-free DNase I (Roche Diagnostic, Mannheim, Germany)
with 2 pg total RNA in 15 mM TRIS-HCI (pH 8.3), 75 mM KCl,
2 mM each dNTP, 30 U RNase inhibitor. The solution was incu-
bated 30 min at 37°C followed by 5 min at 75°C to inactivate the
DNase. For first-strand cDNA synthesis, 7.5 U reverse transcrip-
tase from murine leukemia virus (Roche molecular systems,
Branchburg, N.J.), 3.75 uM random hexamer, 3.75 uM oligo d(T)
primer and 7.5 mM MgCl, were added to the solution of total
RNA, treated with DNase, and incubated 1 h at 42°C. PCR was
performed as described above in a final volume of 25 ul contain-
ing 1 pl of the products of the first-strand cDNA under the
same condition as described above. The sense primer was
5’TAGCGTGGCCTCCGGCTTGC3’ at cDNA positions 694-713
located in exon 3; the antisense primer was 5’GTAGTCACA-
GTACTCCACGTS3’ at position 1404—1423 located in exon 8.

Construction of plasmids pRShMR-C?!5, pRShMR-Val!#,
and pRShMR-Val?*!

Expression vectors of human MR (hMR) including the substitution
of G25>—C?15 (pRShMR-C?P), Tle'80—Val'8 (pRShMR-Val'8), or
Ala?*'—>Val?*! (pPRShMR-Val?*!) were constructed. pPRShMR-C?15
was constructed by replacing an Eagl/Sacl fragment including the
hMR nucleotide 203—728 of plasmid pRShMR (Arizza et al. 1987)
with the G215—C?15 nucleotide substitution. With pRShMR as a
template, PCR was carried out as described above with a sense
primer that included both the C?! substitution and an Eagl restric-
tion enzyme site (5’CCCGGCCGAGGCAGCGATGGAGAC-
CA3’ at cDNA positions 201-226) and an antisense primer that in-
cluded a Sacl restriction enzyme site (5’CCGAGCTCCCAG-

Table 1 Primers used to am-

3’ Primer

5’-GAGGCCCGGCCGCCGCCGCT-3°

plify the exons of MR Exon 5’ Primer
1b
la
2
3
4
5
6
. . 7
*Primers targeting exon se- 8
quences; remaining primers 9

targeting intron sequences

5’-AGGGACGCCGCTGTCAACGC-3’
5’-CTCTTCGGGCCAATAGGAAG-3’
5’-GCTAGAAATCGTTGCTCATA-3’
5’-TCTGACTCTGGGAGCTCCGT-3"*
5’-GGAAGTAGAGAGTGCCATCT-3"2
5’-TGAATTCTTGTATCGAACCA-3’
5’-GAGATTTCAAGGCAGGAAAG-3’
5’-GTTCCTATTGACATAACAAG-3’
5’-GAATTGATTTGAGTCTGTCA-3’
5’-TCTGCTCCATGTTGAAGCCA-3’
5’-GAGATTTAGTATCTAACCTC-3’
5’-TCTAAATGTTGTCATTTGAG-3’

5’-TATCTGGACATGTGACCCGC-3’
5’-GCAAATGCAATTTTAGAATG-3?
5’-GCCATTGTTAAAAGCCCTAT-3"
5’-ACTGGCCAGCTTAATATTGT-3’
5’-GCAGCATGTTAAATGTGCCT-3’
5’-CTAGTGTACTCTATTTTAAC-3’
5’-ACCAGTGTGAGTCAGCATAT-3’
5’-TGGAATGTACTTAAATGCTA-3’
5’-CAGTCTGGGTTTGATAATGA-3’
5’-TACCTGCCAAGATGCTAAAG-3’
5’-GATCCAGGGTCGGAAAGGAG-3’




AGTCAGACAT3’ at cDNA positions 709—728). The PCR prod-
uct and wild-type pRShMR were digested with restriction endonu-
cleases Eagl and Sacl (New England Biolabs, Beverly, Mass.) in a
separate reaction. After purification with standard techniques, the
digested fragments were ligated with T, ligase (Takara Shuzo).

pRShMR-Val'8 and pRShMR-Val**! were constructed by re-
placing a Sacl/BamH1 fragment of hMR corresponding to nucleo-
tides 723—1267 with sequences containing one of the nucleotide
substitutions (A7*—G7* or C93¥—T98), To create the Sacl/BamH]1
fragment with the desired substitutions, a Sacl/BamH]1 fragment of
hMR was subcloned into multicloning sites between T7 and SP6
promoters of plasmid pGEM-3Z (Promega, Madison, Wis.). Two
PCRs were first carried out with pGEM-3Z and the Sacl/BamH1
fragment as a template. One set of PCR was performed with the
T7 promoter primer and an antisense primer containing either the
AT3#—G734 or C?8—T38 substitution (5’"CTTTTAACAACGGC-
GCGCATG3’ at cDNA positions 744-764 or 5’TCGATTTTC-
AACATTAGGGGA3’ at cDNA positions 928-948, respectively).
Another reaction was performed with a sense primer containing ei-
ther the A7*—G7* or C938—T938 substitution (5’CATGCGCGC-
CGTTGTTAAAAG3’ at cDNA positions 744-764 or 5’TCCCC-
TAATGTTGAAAATCGA3’ at cDNA positions 928-948, respec-
tively) and the SP6 promoter primer. A second PCR was carried
out with these PCR fragments as templates for the T7 and SP6 pro-
moter primers. These PCR fragments were, in turn, digested with
restriction endonucleases Sacl and BamH1 (Roche Diagnostics).
To cut the BamH1/Aval and the Aval/Sacl fragments, pRShMR
was digested with restriction endonucleases BamH1 and Aval or
with Aval and Sacl (Roche Diagnostics). After purification, the
three digested fragments were ligated with T, ligase (Takara
Shuzo).

The entire cDNA insert, including the ligation sites of the re-
combinant plasmids, was sequenced and confirmed to possess sub-
stitutions of either G2!15—C215 A7+ 5G74, or C938—T98 with no
other base changes. The recombinant plasmids were designated as
pRShMR-C?15, pRShMR-Val'8%, and pRShMR-Val**!, respectively.

In vitro function of mutated hMRs
(pPRShMR-C?!5, pRShMR-Val'8, pRShMR-Val?*!)

Cos7 cells were grown in Dulbecco’s modified Eagle’s medium
(GIBCO Invitrogen Corporation, Grand Island, N.Y.) supple-

tagégATGGn tagggATGGA tagggATGGA
C

* | |

patient mother

father
Fig.1 Mutation in the Kozak sequence of the mineralocorticoid
receptor (MR). Asterisk/arrow Homozygous G—C substitution in
the MR Kozak sequence of the patient (left panel); the father (mid-
dle panel) and mother (right panel) are heterozygous
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mented with 10% fetal bovine serum at 37°C in an atmosphere of
5% CO,. Twenty-four hours before transfection, cells were re-
moved from their culture flasks by trypsinization, resuspended in
supplemented medium, and plated in 24-well plates at a concentra-
tion of 10° cells/well. Wild-type hMR and mutated hMRs (0.1 pg)
were respectively co-transfected in the presence of lipofectin
reagent (Life Technologies, Gaithersburg, Md.) with 0.5 pg re-
porter plasmid (pL-TRluc) having a mouse mammary tumor virus
luciferase promoter in which glucocorticoid response elements
were coupled to the luciferase gene (Bresnick et al. 1990). Another
luciferase reporter plasmid, pRL-TK (0.1 pug; Promega), was em-
ployed as an internal standard for transfection efficiency. Cells
were incubated in either normal charcoal-stripped medium or char-
coal-stripped medium with aldosterone (Sigma-Aldrich, St. Louis,
Mo.) at concentrations ranging from 10-!'! to 10 M. Forty-eight
hours after transfection, cells were washed twice with phosphate-
buffered saline and incubated for 15 min at room temperature with
a lysis buffer (Promega). The luciferase activity of cell lysates was
measured by the dual-luciferase assay method (Promega). Experi-
ments were carried out in 9-11 plates for each aldosterone concen-
tration. Luciferase activity data were expressed as mean = SE of
the mean and analyzed by the Mann Whitney U test; P<0.05 was
considered to be statistically significant.

Results

Sequencing of MR and ENaC genomic DNA
and oENaC cDNA

We identified a homozygous substitution (G>>—C?15) at
position —2 preceding the start codon in exon 2, which
was located in the so-called Kozak sequence surrounding
the translation initiation site (Fig. 1, Table 2). In the MR gene
of the patient, a homozygous conservative amino acid
substitution A7*—G7* (Ile'®—Val!3%) and a homozy-
gous nonconservative amino acid substitution C?38—T938
(Ala2"'—Val?*!) were also found in exon 2 (Table 2).
Both parents were heterozygous for the G?5>—C?!5 and
Ile'80—Val!80 substitutions and homozygous for the
Ala?*!'—Val?*! substitution.

The patient was homozygous for an A—G substitution
at the second position of the donor splice site of intron 4
of the oENaC gene, a substitution for which her parents
were both heterozygous (Fig.2, Table 2). To determine
whether this nucleotide substitution altered the splice site
and consequent skipping of exon 4, we amplified the
cDNA fragment of ENaC from exon 3 to exon 8 for both
the patient and her parents. The structure of the tENaC
cDNA was normal in all cases (Fig.2). A homozygous
nonconservative amino acid substitution C!006—G!1006
(Pro®¥—Ala3%) in fENaC and three homozygous amino acid

Table 2 Results of sequencing

of the MR and the ENaC genes Amino acid Nucleotide = Exon Normal Nucleotide change Father Mother
of the patient with PHA aﬁ d substitution position nucleotide in the patient
her parents (MR mineralocorti- M e
coid receptor, aENaC o. sub- ) Met'—2 215 )
unit of the amiloride-sensitive et g cfe gle gle
sodium channel, PHA pseudo- 2 Ile'%—Val'% 754 2 A G/G AIG  AG
hypoaldosteronism) 3 Ala?*l 5Val?4! 938 2 C T/T T/T T/T
aENaC
1 - 957+2 4 a g/g a/g a/g
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Fig.2 DNA sequences of the
substitution at the donor splice
site of the o subunit of amil-
oride-sensitive sodium channel
(otENaC) intron 4 for the pa-
tient and her parents. Upper
panel Genomic sequences of
the exon-intron boundary re-
gion of exon 4. Asterisk/arrow
Homozygous A—G substitu-
tion at the donor splice site of
oENaC intron 4 (patient, left
panel); the father (middle panel)
and mother (right panel) are
heterozygous. Lower panel
cDNA sequences at the bound-
ary (arrow) of exon 4 and exon
5 indicating an identical splice
structure for the patient and
parents

genomic
DNA

cDNA

substitutions, viz., T?*—A3* (Trp!®—Arg!8), C1526—-G1526
(Pro01—Ala>0"), and T'862—G1862 (Seré!4—Ala®'), in YENaC
were also identified in the patient. We previously reported
that these four amino acid substitutions occurred in all
25 subjects of a control population (Arai et al. 1999).

Functional study of mutated MRs

Luciferase activity induced by pRShMR-C?!5 was signifi-
cantly lower than that induced by wild-type pRShMR
when cells were incubated with aldosterone at concentra-
tions ranging from of 10! to 10° M (P<0.05 or 0.01),
but the difference disappeared with aldosterone at concen-
trations ranging from 1073 to 10 M (Fig.3A). Luciferase
activity induced by pRShMR-Val'?® was significantly
higher than that induced by wild-type pRShMR when
cells were incubated with aldosterone at a concentration
of 1071 M (P<0.01), whereas the opposite relationship
was observed at a concentration of 108 M (P<0.05;
Fig.3B). Luciferase activity induced by pRShMR-Val?*!
was lower than that induced by wild-type pRShMR when
cells were incubated with aldosterone at concentrations
ranging from 10~ to 10-° M (P<0.05 or 0.01; Fig.3C).

Discussion

A homozygous substitution (G?!>—C?213), which occurs at
an allele frequency of 39% in human populations (Ludwig
et al. 1998), has been identified at position —2 preceding the
start codon of the MR gene in our patient with PHA. The
lower luciferase activities observed for pRShMR-C?!5
compared with wild-type MR, with aldosterone at con-
centrations ranging from 10-!! to 10 M (corresponding
to physiological concentrations), may be attributable to a
lower translation efficiency of the G?'>—C?!5 variant, re-
sulting in the synthesis of fewer MR molecules. Because

exond intrond

CAGGCggga CAGGngga CAGGCgéga
T f
'\ J\
patient father mother
exon4'exon5

¥
CAGGCGAAT CAGGC'GAAT CAGGCGAAT
Dot Jendle Mo
patient father mother

the structure of the open-reading frame of this variant
does not differ from that of the wild-type MR gene, its
DNA-binding or ligand-binding function may also be in-
ferred to be the same. The substitution of a C nucleotide
for T at position —5 preceding the mRNA start codon in
the Kozak sequence of glycoprotein Ibo. results in more
efficient translation (Afshar-Kharghan et al. 1999). On the
other hand, a previous report of sequences surrounding
Kozak sequences indicates that, for the most efficient
translation, the nucleotide at position —3 and +4 preceding
the start codon should be either A or G (Kozak 1984). In-
deed, the deletion of two nucleotides at position —2 and -3
preceding the start codon of the o*-thalassemic gene has
been documented as decreasing the efficiency of a-chain
mRNA translation, resulting in the defective output of
globin oi-chains in patients with o*-thalassemia (Morle et
al. 1985). Recently, a single base polymorphism (C—T at
position —4 preceding the start codon) within the Kozak
sequence of the mRNA encoding coagulation factor XII
has been demonstrated to influence profoundly the plasma
concentrations of this protein in human (Kanaji et al.
1998). The substitution of the less common T allele at this
position produces a new ATG codon upstream of the reg-
ular ATG codon; this brings about a marked decrease in
plasma factor XII levels (Kanaji et al. 1998). These re-
ports suggest that single nucleotide changes in the Kozak
sequence significantly alter translation efficiency. The
lower luciferase activity induced by pRShMR-C25 ob-
served in the present study is congruent with these earlier
reports and suggests that the G215—C?!5 substitution in the
MR Kozak sequence may reduce the translation effi-
ciency of the MR.

The luciferase activity of pRShMR-Val?*! was found to
be lower than that of wild-type MR in response to every
concentration of aldosterone, and the dose-response curve
in luciferase activity for pRShMR-Val'® was shifted to
the left compared with wild-type MR. These two amino
acid substitutions are located in the A/B domain of MR



Fig.3A-C Luciferase activ-
ity induced in vitro by plas-
mids containing wild-type
(pPRShMR) and mutant min- .
eralocorticoid receptors.

A pRShMR-C?!5. B pRShMR-
Val'80. C pRShMR-Val?!.
Values are means (error bars
SE). Asterisks Significance
from wild-type under the
Mann-Whitney U test: P<0.05
(*), P<0.01 (**)
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and are encoded by exon 2. A recent study of deletion mu-
tants of the rat A/B region has shown that they exhibit re-
duced transactivation activity, suggesting that the MR
A/B domain has an important role in the transactivation

10710 109 108

Conentrations of Aldosterone (M)

function (Fuse et al. 2000). However, the hMR N-terminal
deletion mutant, which lacks amino acids 59-247, ex-
hibits a transactivation activity two-fold higher than that
of wild-type MR, indicating that the amino acids between
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59 and 247 play a role in inhibiting transactivation activ-
ity in human MR (Govindan and Warriar 1998). Conse-
quently, the amino acid substitutions of Ile!30—Val'80 or
Ala?!—Val?*! may affect MR transactivation function, al-
though these amino acid substitutions by themselves may
not result in a disorder.

We have also identified, in our patient, a homozygous
A—G mutation at the second position of the donor splice
site of intron 4 in ENaC. However, examination of the
structure of the corresponding cDNA has revealed no
exon skipping, suggesting that this substitution in the
splice site neither alters the cDNA structure nor causes
any disorder by itself. However, since a substitution in a
splice site has been previously reported to affect splicing
efficiency (Li and Pritchard 2000), we cannot rule out the
possibility that this intronic substitution may affect the
splicing efficiency of cENaC.

We have previously reported that both carbenoxolone
and fludrocortisone normalize serum electrolytes in a pa-
tient with PHA (Arai et al. 1994). The physiological con-
centrations of circulating aldosterone in healthy subjects
are 102 to 10! M, whereas those of patients with PHA
are approximately 10-8 M. Plasma aldosterone concentra-
tions of our patient, whose electrolytes were in the normal
range at the age of 2 years, were actually 100-fold higher
than normal. Given the preference of our PHA patient for
salty food, it is likely that the presence of high concentra-
tions of ligands for MR, combined with a highly dietary
salt intake, compensates for her defective salt-conserva-
tion system including MR function.

We have previously shown that the heterozygosity or
homozygosity frequency of the Val?*! or Val!80 substitu-
tion in a population of healthy subjects was 48%, 38%,
22%, and 1.5%, respectively, and that the frequency of si-
multaneous substitutions of Val**! and Val'® was 22% in
healthy subjects (Arai et al. 1994). Moreover, the fre-
quency of the co-occurrence of the Ala%?3 in ENaC and
these two MR substitutions was only 7% in this popula-
tion of healthy subjects (Arai et al. 1999). Although there
is no report of the frequency of the co-occurrence of these
three MR substitutions (C2!5, Val?*!, and Val!89), the co-
occurrence frequency of MR and ENaC substitutions de-
creases with the increase in polymorphisms in normal
population. In contrast, three of four (75%) patients with
PHA showing multiple tissue resistance to aldosterone
had two MR substitutions (Val?*! and Val!9%) and one
ENaC substitution (Arai et al. 1999). There may be other
gene abnormalities still undiscovered in the salt-conserva-
tion system. A single nucleotide polymorphism in the in-
terleukin-1p (IL-1B) gene in combination with smoking
or a polymorphism of the IL-1 receptor gene has been re-
ported to be associated with early-onset periodontitis
(Parkhill et al. 2000). This finding suggests that a single
nucleotide substitution involving a slight reduction in the
function of the protein may induce the disease if it co-oc-
curs with certain environmental factors or another single
nucleotide polymorphism. The results of the present study
suggest that the three MR polymorphisms identified in the
patient with sporadic PHA are not “true” polymorphisms

in the sense that the alleles do not exhibit any significant
functional differentiation; the polymorphisms described
here appear to alter MR function. We therefore hypothe-
size that PHA can be brought about by the combined ef-
fects of two or more “functional” polymorphisms, each of
which alone exhibits little influence on MR or ENaC
function and physiological characteristics, but which to-
gether induce negative salt conservation that is character-
istic of PHA.
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