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Pseudohypoaldosteronism type 1 (PHA1, OMIM
264350) is a rare Mendelian disorder characterised by
end-organ unresponsiveness to mineralocorticoids.
Most steroid hormone insensitivity syndromes arise
from mutations in the corresponding receptor, but
available genetic evidence is against involvement of

the mineralocorticoid receptor gene, MLR, in PHA1. A

complete genome scan for PHA1 genes was under-
taken using homozygosity mapping in 11 consan-
guineous families. Conclusive evidence of linkage with
heterogeneity was obtained with a maximum two-
locus admixture lod score of 9.9. The disease locus
mapped to chromosome 16p12.2—13.11 in six families
and to 12p13.1-pter in the other five families. The two
chromosomal regions harbour genes for subunits of
the amiloride-sensitive epithelial sodium channel:

SCNN1B and SCNNI1G on 16p and SCNN1A on 12p.

Liddle’s syndrome of hypertension and pseudoaldos-
teronism has been shown to arise from mutations in
SCNN1Band SCNN1G. These results strongly suggest
that PHA1 and Liddle’s syndrome are allelic variants
caused by mutations in genes encoding subunits of
this sodium channel. These genes are of broad biologi-
cal interest both in relation to sodium and water home-
ostasis in mammals and by virtue of their homology to

the mec genes of Caenorhabditis elegans involved in
mechanosensitivity and neuronal degeneration.

INTRODUCTION

Pseudohypoaldosteronism type 1 (PHA1, OMIM 264350) is an
uncommon inherited disorder characterised by target-organ
unresponsiveness to mineralocorticoids. Since the first report by
Cheek and Perry in 1958)(over 100 cases have been reported.
Marked elevation of serum aldosterone levels is present in all
cases, and is associated with salt-wasting, hyponatraemia,
hyperkalaemia and increased plasma renin activity. Clinical
expression of the disease varies from severely affected infants
who may die to apparently asymptomatic individug)s (

Familial and sporadic cases have been reported. Inheritance is
Mendelian and may be either autosomal dominant or recessive.
The inheritance pattern appears to correspond to whether the
hormonal insensitivity is renal or multisyste&). (Multisystem
PHAL is more severe with salt loss from all aldosterone sensitive
end organs including salivary glands, sweat glands, colon and
kidney, and is usually inherited as an autosomal recessive ftrait.
The renal form of PHAL is characterised by renal salt-wasting
only and is usually inherited as an autosomal dominant3jait (
The majority of reported cases falls into one of these categories
(2,3). There is a high incidence of consanguinuity in autosomal
recessive PHA1L.

The molecular basis of PHA1 is unknowih By analogy with
other end-organ hormone insensitivity syndromes a defect at the
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level of the human mineralocorticoid receptor (hMR) has longb. The observed region of homozygosity ranged from less than
been suspected, and the observation of reduced or absent bindird/! to 30 cM. The common region of homozygosity shared by
sites for tritiated aldosterone in lymphocytes of patients witthese five families encompassed Id&€D4, D12S889 and
PHA1 (5) supported this hypothesis. The molecular cloning db12S374These analyses on 16p and 12p identified two discrete
cDNA encoding hMR &) and localisation of the gene for hMR groups of families.

(MLR) to chromosome 4q31.1-31.2 has allowed direct geneticCombined analysis of individual family lod scores across these
approaches to evaluating the hypothesis that PHAL arises frewop chromosomal regions obtained from MAPMAKER/
mutations ifMLR. Both direct sequence analysis of hMR cDNAHOMOZ was undertaken using HOMOGS3R. A two-locus
(7-9), and linkage analysis using three simple sequence lengtiaximum admixture lod score of 9.9 (likelihood ratio =&1L2F)
polymorphisms spanningLR (10) have excludedILR as the was obtained in favour of six families linked to 16p and five
disease locus in some families including those analysed in thignilies (including family 009) to 12p against no linkage. The
study. A genome scan for regions of homozygosity was therefarenditional probability of linkage of each family to the two
undertaken in 11 consanguineous PHA1 families in order to maggions is shown in Table

the disease locus or loci. Homozygosity mapping is a powerful

strategy for mapping rare recessive traits in children of consan-

guineous marriage$1,12), and has been successfully applied torable 1. Results of HOMOG3R analysis showing conditional probability of

a number of diseases3-15). linkage of each family to 16p and 12p

Evidence of genetic heterogeneity was obtained with families
mapping either to chromosome 16p or chromosome 12p. Genes Conditional probability of linkage to
encoding subunits of the amiloride-sensitive epithelial sodiumg,p;, 16p 12p

channelSCNN1G, SCNN1&dSCNN1Amap to these chromo-

somal regionsl(6,17). This strongly suggests that PHAL is allelic 002 0.999 0.001

to Liddle’s syndrome of hypertension and pseudoaldosteronisn®03 0.979 0.022
which has recently been shown to arise from mutations iggg 0.999 0.001
SCNN1GandSCNN1B(18,19). 013 0,999 0.001
RESULTS 014 1.000 0.000

015 0.999 0.001
Genome search

004 0.001 0.999
Affected individuals only were typed initially using about 200 g 0.000 1.000

microsatellite loci covering the autosomes at intervals of approxi-

mately 15 cM. Loci displaying apparent excess homozygosity®® 0.019 0.981
(homozygous in four or more unrelated affected individuals) wer@11 0.001 0.999
further investigated by analysis of parents and subsequently k- 0.006 0.994

analysis of additional adjacent loci if indicated. A total of 341 marker
loci were analysed. Multipoint analysis using the MAPMAKER/
HOMOZ program revealed no evidence of linkage assumingiSCUSSION
genetic homogeneity. However direct inspection of raw allele data
and the admixture test for locus heterogeneity applied using théese observations demonstrate that autosomal recessive
HOMOG program revealed evidence of linkage to two chromos®seudohypoaldosteronism type 1 is genetically heterogeneous
mal regions: 16p12.2—13.11 and 12p13.1-pter. and provide conclusive evidence for the existence of loci causing
this disease on chromosome 16p12.2-13.11 and 12p13.1-pter.
They represent the first application of homozygosity mapping to
the direct elucidation of locus heterogeneity within such a limited
Six families showed evidence of linkage to 16p12.2—-13.11. Usingsource of inbred pedigrees, and the first extension of the
HOMOG analysis, a maximum admixture lod score of 4.4 wagpositional candidate’ approach to the implication of a multimeric
obtained with data from 15 loci in this region. Haplotypes andandidate channel on account of the mapping of the correspon-
pedigrees of the six linked families are shown in Fidiae ding disease loci to chromosomal regions encoding its separate
Genetic and physical map data for these loci are shown in Figumgbunits.
2a. Regions of homozygosity ranged from less than 7 cM to The genome screen for shared regions of homozygosity proved
73 cM in affected individuals. The common region of homozysufficiently powerful to detect unequivocal linkage despite the
gosity in these six families encompassedld@S412, D16S403 presence of locus heterogeneity. Highly significant statistical
andD16S417 support for this conclusion was obtained. HOMOGS3R analysis
HOMOG analysis using data from 13 loci on 12p also providegroduced a likelihood ratio of 8.2 10° in favour of locus
highly significant statistical support in favour of linkage withheterogeneity with all families accounted for by linkage to either
heterogeneity. A maximum admixture lod score of 3.4 wa%6p or 12p. It is recognised that linkage analysis in consan-
obtained. Four families showed clear evidence of linkage to thiglineous families provides results which are highly sensitive to
region. In addition, family 009 has a short length of homozygosityoth disease and marker allele frequenéés Although allele
and had a conditional probability of linkage of only 0.47frequencies for the loci analysed have been determined for
Haplotypes and pedigrees of these five families are shown frarticular family groups such as the CEPH family collection, the
Figurelb. Relevant map data for these loci are shown in Figurelevant frequencies are of course those for the population from

Linkage to 16p and 12p



Human Molecular Genetics, 1996, Vol. 5, No. 295

Drasess 13803 W0 15 133133 13! 135 THIM e e e e
DiESEAT 218210 2182w 2E210 218218 #1471 TR 2 e 210218 200
Oragag1 1 W 126 132 126130 112 13 128 TR 1R
D654 2723 R HTNE HTHT 213213 M2y 23 - - - =
pregarz TR HEE 118 421 119 1B 19113 FICRRE AT R LEAEL] - - 1Ty
] 1 msa WA 16 136 140 136 142 128128 138 140 1M 138138
D657 124028 (213 124028 1241 124128 124 128 124 1M 128124 - 13m 128
Dre54En 250206 236264 I PE 2OATSE 258372 MeAS anA s 255758 28EISE MM QSY
RENACGT-# ALIRE 181171 1811 1811 @175 171175 181171 17 175175 ATS17E
oiesarg 141 241 141 143 141 443 141 147 54 147 141 187157 Td1 143 1 14 141 14
Disdee i T 172 172478 176 168 176 178 178 178 Mt 4178 174174
DRSS LIF 2T | R 118212 e [RELH 120 112 2T e e e e - -
vissIs 0 = - P - - — 158153 153153 154 163 153150 153 163
CE5288 186156 180 156 109158 156 188 164 184 W0 160 164160 -
niagene Wrise 182 ee w2 i 196 164 ABE1ER 1B 1BE 180 186 . o 188
Family 002 Farnily 003 Famiiy006
DIIE3405 143 109 143133 143 M3 197 13 - - AT P 135 138
Dresear 210220 &y 213 210 308 208 718 208 292 208 208 EEEEE . 2186218
Dregsn 126 128 11 12176 12126 HB1Z 12878 130 130
Digs4d nras N5 2 TNE sz @z oaim - T
presarz 1223 e 1 TS UMTIA 1T B - 118118
Dres43 138 140 136 140 128138 144 148 1414 T 123139
Drege? 140 130 HO1F 1M 126 13910 1300 126 128
Dresdzn 258 258 254 258 e aseav2
BENACGT- 181 181 181175 18118 181 181 184174 s e e e LR
[ IR 153 45 153 141 153154 15101 157 157 167 187 157 157
DrES4D 176 178 175174 178ATR ST RE TR K- ] 174 17
0165295 "z Mz nzme MZU4 1212 112112 1B 18
D65z 183 157 1E315T 4R3I 1R TET 148 IET 4D SV 137 - 183182
e - - 174 L R LRt ] - -
652N 100100 00 184 Vi 180 168 154 190090 188 180 190 1
Family 013 Family 014 fFamily 015

Figure 1. Pedigrees and allele data of PHA1 families. Consanguineous marriages are all between first cousins unless indicated. Below each parent and child &
alleles at the loci covering the chromosomal region to which that family is linked. The numbers are allele sizes, and are based on PCR product sizes measured in i
units. Genotypes unavailable due to lack of DNA are given as (--- --- ). The region of homozygosity in the affected individuals is shaded. The corresponc
chromosomal regions in the parents and siblings are similarly meaakéan(lies linked to 16p;k) families linked to 12p.

which the disease families were drawn. The families analysed assumptiotBCNN1Gemains a candidate, although no recombina-
from several quite different population backgrounds making tfons have previously been reported betv@@NN1BaNdSCNN1G
unlikely that a single frequency for any allele is applicable withvhich are known to be physically within a 400 kb region. On
any degree of certainty. A stringent approach was therefoochromosome 12p the common region of homozygosity is defined by
adopted by setting a lower bound of 0.10 for all marker alleléne telomeric locuB12S93Family 009) and the centromeric locus
frequencies when multipoint analysis was carried out using12S77Family 009 and 011), a genetic distance of 10 cM. Clearly,
MAPMAKER/HOMOZ. this region might have been substantially smaller had allele data at
High resolution mapping by this approach involves the identificad212S356een available in Family 009 or Family 004.
tion of a common region of homozygosity amongst the unrelatedLinkage disequilibrium mapping may also allow refinement of the
affected individuals. On chromosome 16p this is defined by thgenetic localisation in a rare recessive disease if a founder effect is
telomeric locudD16S499(Family 013) and the centromeric locus apparent. Unfortunately, the number of disease chromosomes
D16S420Family 003), separated by a genetic distance of abouta®ailable in this family resource is too small to allow allelic
cM. The latter boundary is of particular interest, as it excludes tlassociation to be identified unless association happens to be with a
candidate gen&CNN1Bin family 003 if the assumption of a very rare marker allele. It is noteworthy that four out of six affected
common ancestral disease allele is correct. If however thigdividuals are homozygous for the 181 allelBENaCGT-1 but
assumption is incorrect, the heterozygositBBNaCGT-1and this allele is not significantly less frequent on normal chromo-
D16S42@loes not of course exclude this candidate gene. With eitr@mes in this sample.
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Following definitive exclusion dfILR, the strongest candidate indicate that the effects of mineralocorticoids on sodium exchange,
gene for this disorder, a systematic genome search was undespecially in the kidneys, are exerted via a pathway that includes the
taken without high priority being assigned to regions harbourinchannel encoded BBCNN1B SCNN1Gand SCNN1A(24-26).
the several additional existing candidate genes. It was therefdriee clinical features of Liddle’s syndrome comprise in many
interesting to find that PHAL could be assigned to two quiteespects a ‘mirror-image’ of PHAL, indeed it is also designated
separate chromosomal regions each of which harbour genesgeeudoaldosteronism. The underlying mutations which have been
sub-units of the amiloride-sensitive epithelial sodium channellescribed iInBENaC andyENaC all cause truncation of the
The recent identification of mutations in the genes encoding tlegtoplasmic carboxyl terminus of these subunits and cause constitut-
3 andy subunits of this channel as the cause of Liddle’s syndroniee activation of the channel. It is not unreasonable to propose that
of pseudoaldosteronisni&19), confirmed its identity as the mutations elsewhere in these two genes, and aBNaC gene on
functional mineralocorticoid-sensitive epithelial sodium channathromosome 12p, may render the channel non-functional or
in humans, and prompted the suggestion that mutations renderimgesponsive to mineralocorticoids. Although the localisation of
this channel non-functional or unresponsive to aldosterone coltHAl to two quite separate chromosomal regions each of which
cause PHA1. harbours genes for subunits of this channel could be coincidental, the

These mapping data substantially strengthen what is alreadynapping data in combination with the existing functional evidence
quite plausible case for dysfunction at this channel as the causerake the suggestion that Liddle’s syndome and PHAL are allelic
mineralocorticoid insensitivity in PHAL. Although receptor genevariants compelling.
mutations have been identified in the majority of steroid hormone Direct proof of this hypothesis requires of course the demon-
insensitivity syndromes, most notably those involving thyroxinestration of mutations correlating with the disease state and work
cortisol, androgens and Vitamin D, non-receptor defects are wall in progress to screen these genes for mutations in affected
recognised41-23). Abundant evidence from physiological studiesindividuals in these families. As discussed above, the close
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a sodium channel by mineralocorticoids which is central to sodium
16p tor and water homeostasis in mammals. Moreover, the close
M homology of the epithelial sodium channel to members of a
. , oM family of Caenorhabditis elegangenes involved in mechano-
! ! I i sensitivity and, when mutated, neuronal degeneration suggests
13.12 * that important processes related to cell volume control may also
Te | Dreszar be illuminated 27).
I D16S501 D1865493
e . MATERIALS AND METHODS
I Patients and families
12,3 2 |—D165417 D165403 . . . )
[~ SCNNIG, SCHN1S [ 0165420 JENSCGT- Ascertainment of families was carried out through collaboration
s with the physicians who had reported cases of PHAL in the
L1 rscse literature and British paediatric endocrinologists. The 11 pedi-
122 ch [ D18s401 grees included in this study are shown in Figul parents are
55 consanguineous being first cousins in nine of the 11 families.
1 oresnes ' Diagnosis was made according to standard clinical and
2 as | D165296 biochemical criteria. All affected individuals had documented
. . — Q165208 raised urinary sodium in the presence of hyponatraemia, hyperka-

nz

laemia, increased plasma renin activities, elevated serum aldos-
terone levels, and normal renal and adrenal function. Probands in
16p con seven of the 11 families (family 002, 003, 008, 009, 011, 012 and
013) have documented evidence of generalised involvement, i.e.
raised sodium in sweat, saliva, or stool. In the other four families,

i

b the spectrum of organ involvement other than renal has not been
oM fully evaluated. Details of families 003, 008, 009, and 012 have
3—— 012581 been reported previously (skefor references).
. oraoss DNA analysis/marker typing
—— Dtzsarz Genomic DNA was extracted from white cells by standard
13 [~ FovwE methods. DNA was amplified by the polymerase chain reaction
—1— 125314 (PCR) using fluorescently labelled primers or dUTPs (Applied
132 Biosystems). The marker loci were selected from published
T Dizses genetic maps. Primers for a set of 200 polymorphic marker loci
13 [— SoNNTA —[ a | Sissse o128374 were supplied by the HGMP UK2§). Primer sequences are
| Dtesass available from GDB. Additional loci on 16p and 12p were
124 identified from published genetic and consortium mags31)
except foENaCGT-1an intragenic polymorphism 8CNN1B
| prosrr (18), andD12S88932). The geneSCNN1Band SCNN1Gie
within 400 kb of each other in the same YAC clone which also
I I [ Droeee contains markeD16S420(17). The same cosmid clone con-
Lo 2 prosess tained botD12S88%AndSCNN1Avhich are within 40 kb of each
other 82).

e een PCR was performed in 96 well microtitre plates (Hybaid). Each

well contained 20-50 ng of genomic DNA; 1.5 mM MgQIx
, . . o . reaction buffer (Advances Biotechnologies, UK); P00 each

Figure 2. Physical and genetic maps, indicating genetic distances (sex-aver- ; .
aged) between marker loci used. The map information shown is a composite & dGTP, dATP, dTTP and dCTP; 50 ng of each primer and 0.2
published dataaj chromosome 16p (30,31))(chromosome 12p (29,31). U of Red Hot DNA polymerase (Advance Biotechnologies, UK),

in a total volume of 1%l. Thirty cycles were performed in a

thermocycler (Hybaid Omnigeh¥). Alleles were separated on
- . a 6% polyacrylamide electrophoresis gel for 3—-4 h at a rate
pro>(<j|_r3|ty of SCNNlnB e;nd SCNN1C1;6rer]2der_|_both_ ﬁl?]us'ble limiting voltage of 1000 V using a model 373A DNA sequencer
candidate genes in all chromosome 16p families with the possi plied Biosystems). Analysis of the alleles sizes was carried
exception of family 003. It is also conceivable that differen ut by GENESCANMG72 (Ver 1.2) and Genotyper softwares

alleles at these loci may account for sporadic cases of PHA1 plied Biosystems) using GENESCAN-500 TAMRA or
for cases in families displaying a dominant pattern of inheritanc ENESCANM-2500 ROX as size standards.

Elucidation of the molecular basis of pseudohypoaldosteron-
ism is likely to be of broad biological interest. If, as anticipated, ; -
mutations are identified in these genes, analysis of their functioﬂfe‘m?kage analysis
consequences will provide insights into the molecular mechahinkage analysis was carried out assuming fully penetrant
isms involved in the control of the amiloride-sensitive epithelishutosomal recessive inheritance with a disease allele frequency of
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0.001. Multipoint analysis was performed using the MAP-310. Chung, E., Hanukoglu, A., Rees, M., Thompson, R., Dillon, M., Hanukoglu,
MAKER/HOMOZ program 20) which uses an algorithm based l., Bistritzer, T., Kuhnle, U., Seckl, J. and Gardiner, R.M. (1995) Exclusion of
on Hidden Markov Models Th’is allows very rapid calculation of the locus for autosomal recessive pseudohypoaldosteronism Type 1 from the

L . . L . . mineralocorticoid receptor gene region on human chromosome 4q by linkage
multipoint lod scores in small inbred families. This has previously  ;aysis 3. clin, Endogmoﬁ Metatgo 33413345, apyinag

been impractical because of the huge computational time. smith, C. (1953) The detection of linkage in human genatiBoyal Stat.
required. The analysis on 16p was performed Pdf6S40%0 Soc. B15, 153-184.

D16S298using the marker loci and genetic distances shown 2. Lander, E.S. and Botstein, D. (1987) Homozygosity mapping: a way to map
Figure2a. The analysis on 12p was performed over the region TEGmYanlsrsgessive traits with the DNA of inbred childr8oience236,
.Shqwn in Figure2 using th? marker loci a.‘nd genetic dIStanC.e%.S. Ben Hamida, C.B., Doerflinger, N., Belal, S., Linder, C., Reutenauer, L., Dib,
|nd|cated_. AIIeIe_frequenmes were obtained from GD_B W|th C.. Gyapay, G., Vignal, A., Le Paslier, D., Cohen, D., Pandolfo, M., Mokini,
frequencies restricted to not less than 0.10. Homogeneity testing v, Novelli, G., Hentati, F., Ben Hamida, M., Mandel, J.—L. and Koenig, M.
was carried out using the HOMOG and HOMOGS3R programs (1993) Localization of Friedreich ataxia phenotype with selective vitamin E
(33,34). The HOMOGS3R program calculates log likelihoods  deficiency to chromosome 8¢ by homozygosity mappilagure Genets,
under the assumption that in a proportioh)(of families a trait 195-200.

i . : ‘e . 14. Houwen, R.H.J., Barharloo, S., Blankenship, K., Racymaekers, P., Juyn, J.,
is linked to locus 1 and in a proportion of other famibe?) t is Sandkuijl, L.A. and Freimer, N.B. (1994) Genome screening by searching for

linked to locus 2, and the two loci are located in different regions  shared segments: mapping a gene for benign recurrent intrahepatic cholesta-

of the genome such that the trait is never linked to both loci. sis.Nature Genets, 380—386.

15. Pollak, M.R., Wu Chou, Y.—H., Cerda, J.J., Steinmann, B., La Du, B.,
Seidman, J.G. and Seidman, C.E. (1993) Homozygosity mapping of the gene
for alkaptonuria to chromosome 3dyature Genets, 201-204.

16. Meisler, M.H., Barrow, L.L., Canessa, C.M. and Rossier, B.C. (1994)

. . . . SCNNL1, an epithelial cell sodium channel gene in the conserved linkage
This study was made possible by the cooperation of patients and group on mouse chromosome 6 and human chromosorGeaamic4,

their families and the collaborating doctors including Dr M.  185-186.
Donaldson (Glasgow, UK), Dr D. M. Johnston (Peterborough,7. \oilley, N., Bassilana, F., Mignon, C., Merscher, S., Mattei, M.—G., Carle,
UK), Dr J. Kirk (Birmingham, UK), Dr P. G. F. Swift (Leicester, G.F., Lazdunski, M. and Barbry, P. (1995) Cloning, chromosomal localisaiton
UK) and Dr E. Vamos (Brussels Belgium). We are grateful to the and physical linkage of tifgandy subunits (SCNN1B and SCNN1G) of the

. ! . human epithelial amiloride—sensitive sodium chani@tnomics 28,
Wellcome Trust, Action Research, the UK-Israel Science and g, o
TeChn0|0_9y ResearCh Fund and the Medical Research Coung! shimkets, R.A., Warnock, D.G., Bositis, C.M., Nelson-Williams, C.,
(UK) for financial support. The work of Drs A. and I. Hanukoglu  Hansson, J.H., Schambelan, M., Gill Jr., J.R., Ulick, S., Milora, R.V.,
is supported by a grant from the Israel Ministry of Health. R.T. is  Findling, J.W., Canessa, C.M., Rossier, B.C. and Lifton, R.P. (1994) Liddle’s
a Wellcome Trust Medical Graduate Training Fellow and J.S. is Syndrome: heritable human hypertension caused by mutations f the
a Wellcome Trust Senior Research Fellow in Clinical Science. We subunit of the epithelial sodium chanr@ell 79, 407-414.

- . . Hansson, J.H., Nelson-Williams, C., Suzuki, H., Schild, L., Shimkets, R., Lu,
thank the HGMP UK for sypplylng asetof200 screening markers Y., Canessa, C., lwasaki, T., Rossier, B. and Lifton, R.P. (1995) Hypertension
and Dr P. Marynen for primers DfL2S889

caused by a truncated epithelial sodium channaubunit: genetic
heterogeneity of Liddle syndromature Genetll, 76-82.

20. Kruglyak, L., Daly, M.J. and Lander, E.S. (1995) Rapid multipoint linkage
analysis of recessive traits in nuclear families including homozygosity
mappingAm. J. Hum. Geneb6, 519-527.
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