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The Jervell and Lange-Nielsen syndrome (JLNS)
comprises profound congenital sensorineural deafness
associated with syncopal episodes. These are caused
by ventricular arrhythmias secondary to abnormal
repolarisation, manifested by a prolonged QT interval
on the electrocardiogram. Recently, in families with
JLNS, Neyroud et al. reported homozygosity for a single
mutation in  KVLQT1, a gene which has previously been
shown to be mutated in families with dominantly
inherited isolated long QT syndrome [Neyroud
(1997) Nature Genet ., 15, 186—-189]. We have analysed a
group of families with JLNS and shown that the majority

are consistent with mutation at this locus: five families

of differing ethnic backgrounds were homozygous by
descent for markers close to the  KVLQT1 gene and a
further three families from the same geographical
region were shown to be homozygous for a common
haplotype and to have the same homozygous mutation
ofthe KVLQTI1 gene. However, analysis of a single small
consanguineous family excluded linkage to the
KVLQT1 gene, establishing genetic heterogeneity in
JLNS. The affected children in this family were
homozygous by descent for markers on chromosome

et al.

21, in a region containing the gene  /sK. This codes for
a transmembrane protein known to associate with
KVLQT1 to form the slow component of the delayed
rectifier potassium channel. Sequencing of the affected
boys showed a homozygous mutation, demonstrating
that mutation in the IsK gene may be a rare cause of
JLNS and that an indistinguishable phenotype can arise
from mutations in either of the two interacting
molecules.

INTRODUCTION

The cardioauditory syndrome of Jervell and Lange-Nielsen
(JLNS) was first described in 1957 in a Norwegian famiily (
Four of six children born to unrelated parents suffered from
profound congenital deafness associated with syncope and
prolongation of the QT interval on electrocardiograms. Syncope
arises as a consequence of abnormal ventricular repolarisation,
which  triggers potentially life-threatening  ventricular
arrhythmias. Untreated, the syndrome has a very high mortality.
Although the condition is very rare, with an estimated prevalence
of up to 10 per million, a number of other cases have been
reported since the original description and autosomal recessive
inheritance has been confirmeg).(A hypothesis, many years
ago, suggested that the connection between the auditory and the
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cen cardiac sodium channéVLQT1encodes a potassium channel.

om | D215261 11 =O KvLQT1, the product of th&VLQT1gene, has been shown to

%M |Doisises 2 2 associate with IsK, a small membrane-spanning glycoprotein.

sim | D212z 7] Together these two molecules reproduce the propertigs tfié¢

o slowly activating component of the delayed rectifier current
E i (11,12). Recently it has been shown at the molecular level that

JLNS and Romano—Ward syndrome can be caused by mutations
2 in the same genKVLQT, JLNS being the homozygous form of

Romano-Ward syndromé3,14).

We analysed a single small family with JLNS and excluded the
Figure 1. Family UK1S with haplotype data for chromosome 21 markers. The KVLQT1 g(_ane a_S th_e disease Iog:us, pro}"“g that genetic
IsK gene is situated between markers D21S1254 and D2151895 (36). heterogeneity exists in JLNS as it does in Romano-Ward

syndrome. Using this family, a genome search, combined with
) ) exclusion of other candidate loci, identified a region of
cardiac defect in JLNS may be due to transmembrane eIectroly{gmozygosity on chromosome 21, in a region harbouring the
imbalance ). _ _ o candidate genksK. We demonstrate a homozygous mutation in

The cardiac action potential consists of a depolarisation phagg in this family. Haplotyping of a group of families with JLNS
due mainly to a large influx of sodium ions, a plateau phasghows that the majority of families are consistent with mutation
dependent mainly on calcium influx and repolarisation, associatggl KVLQTZ, but that mutation irsK, whose protein product

with an increase in potassium permg—:-ability. This repolamrisi_ngssociates with that of tHéVLQT1 gene to form the delayed
potassium current, the delayed rectifier current, has a rapidfgctifier potassium channel, may be a rare cause of JLNS,

activating component and a slowly activating componet | phenotypically indistinguishable from that caused by mutation in
In the ear, endolymphatic fluid produced by the stria vascularigy| QT1

surrounds the sensory hair cells of the cochlea. This fluid has a
high concentration of potassium and a low concentration %
sodium, resulting in a resting potential of about +100 mV witl ESULTS
respect to other parts of the cochleg). (Developmental ~promosome 21-linked family
abnormalities of the stria vascularis in mice and in humans may
result in reduction of the normal osmotic pressure in theélaplotype analysis in family UK1S excluded linkage to the
endolymphatic duct, resulting in collapse of Reissner'VLQT1locus on chromosome 11, as the affected brothers were
membrane and features similar to those seen in post-morterat homozygous by descent for any markers in this region of
studies of humans with JLN8-5). chromosome 11 (data not shown). In addition, all the other known
Phenotypically, JLNS has similarities to the Romano—Wartbng QT loci, as well as all loci for non-syndromic recessive and
syndrome, in which there is an isolated long QT interval withoulominant deafness described to date, were not linked to the
deafness, transmitted as an autosomal dominant condition. It ldisease X5). Non-syndromic loci were tested on the basis of
been hypothesised that the two conditions could be al8lic ( observations that syndromic and non-syndromic forms of
Three genes are known to underlie dominantly inherited isolatetbafness may map to the same loci and therefore could be allelic
long QT syndrome (Romano-Ward syndronifRG SCN5A  (16,17). A genome-wide search in family UK1S demonstrated a
andKVLQTZ and a fourth as yet unknown gene has been mappeshion of homozygosity by descent on chromosome 21 with
to chromosome 47£10). The three known genes all encode ionD21S261 after 50 markers had been genotyped. Other markers
channelsHERGencodes a potassium channel gene, related to ttvnich showed homozygosity are D21S1895 and D21S1252, but
Drosophilaether-a-go-gagene, which underliegy, the rapidly not D21S268 (D21S1254 was uninformative). Markers are in the
activating component of the delayed rectifier current responsibteder cen, D21S261, D21S1254, D21S1895, D21S1252,
for cardiac repolarisatiorSCN5Aencodes am subunit of a D21S268, tel. Marker haplotypes in this region are shown in
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Figure 2. Sequence analysis of the mutation in an affected individual is shown together with that of a normal and a carrier gaveed [$ages are marked * in
the affected individual. The carrier parent is clearly heterozygous for the mutation.
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PROPOSED MECHANISM OF MUTATION
Phe Thr Leu Gly Ile

8) WILD TYPE SEQUENCE TC TTC ACC CTG GGC ATC

* -
MUTANT SEQUENCE TC TTC CCC CCT GGC ATC
Phe Pro Pro Gly Ile

(N)53

B 51 AGGTCCCCCCGCAGCAG TCTTCACCCTGGGCATC 3 ' WILD TYPE CHROMOSOME
3" PCCAGGGGGECGTCGTC AGAAGTGGGACCCGTAG 5
(N)53
5 ' AGGTCCCCCCGCAGCAG TCTTCACCCTGGGCATC 3’ \wu b TYPE CHROMOSOME
3 ' PCCAGGGGGGCGTCGTC AGAAGTGGGACCCGTAG 5

TRANSIENT
MISPAIRING
0
C
(N)53 AC
3 ' TCCAGGGGGGCGTCGTC AGATfoC[Kl; TT’][‘AG 5

5' AGGTCCCCCCGCAGCAG——————TCTTCACCCTGGGCATC 3'
REPAIR l

ins 6
T to G \A del C
transition c
9 (N)53 \ o & .
. 3 'TCCAGGGGGGCGTCGTC AGAAGTGGG CGTAG 5

l 5' AGGTCCCCCCGCAGCAG TCTTCACCCTGGGCATC 3'

e)

o
' i) . RESULTING
5 TCTTCCCCCC. GCATC 3 pyiaaNt

AC
3 'AGGTCCCCCCGCAGCAG AGAAGGGGGE CGTAG 5

[THTHT

5'AGGTCCCCCC GCAGCAG ————————————— TCTTCACCCTGGGCATC 3

Figure 3. (@) The wild type and mutant sequences. There are three nucleotide substitutions which are indicated by * in the mutanfosefjuenteposed
mechanism for the complex mutation. There are two regions of sequence siffii@ritgses apart in the gene. Transient mispairing between these two regions is
shown in (c). Attempted correction of thesgéquence based on the template of tree§uence is shown in (d). Partial correction results in the changes observed in

the mutant sequence.

Figurel. The maximum lod scores for this small family at zeroobserved for the following markers, D11S4046, D11S1318 and
recombination were 1.47 for D21S1252 and 1.69 for D21S18959115S4088, as shown in Figute

A candidate gene, the potassium chaisi€{minK) mapping SSCP screening of th€VLQT1 gene corresponding to the
to the homozygous region, was screened for mutations in fami§2—S3 domains of the protein (PCR primers 1F and)Rhowed
UK1S using SSCP 1@). Previously described intragenic an aberrant conformer which is homozygous in the affected
polymorphisms were detecteii920) and shifted bands were individuals in families N1H, N5B and N10D and present in the
observed in both parents in family UK1S in double-strandeteterozygous state in their parents (not shown). Sequencing of the
DNA (possibly heteroduplexes), which were not seen in over BCR product showed a homozygous 5 bp deletion of nt 187-191
control individuals (120 chromosomes) or in any othefaccording to the numbering #) in affected individuals, which
individuals with JLNS from 11 families. Sequencing of the PCRabolishes &lhal restriction enzyme site (Fi§). This was not seen
products of thésK gene showed the changes illustrated in Figures 40 normal controls (80 chromosomes).
2 and3a, in which three separate nucleotides have been altered.
The changes cause Thr59 and Leu60 each to be replaced by Pro
in the transmembrane region of the predicted protein. DISCUSSION

We provide evidence that mutation in the gési€ can cause
JLNS, which appears to be clinically indistinguishable from cases
Haplotype data from eight families are shown in Figurdhe caused by mutation I&VLQTL The biological interaction of the
offspring of families N8A and UK2T are the product of first cousintwo molecules supports this observatidime product of the
marriages. In families N1H, N3S, N5B and N10D, consanguinitiVLQT1gene has been shown to associate with the product of the
or a founder effect is suspected (represented by a dashed line)is&ggene to form a channel with properties of the slow component
the parents originate from the same county in Norway. Parentsaffthe delayed rectifier current in the hean,(2). In the ear, IsK
families N6K and N7J are not known to be related. appears to have a role in the transport of high concentrations of
Homozygosity by descent was seen for all the markers typeld; into the extracellular endolymph surrounding the hair cells
D11S4046, D11S1318, D11S4088 and D11S4146, in familig®1). Mice homozygous for a complete targeted disruption of the
UK2T and N3S. In family N8A and family N5B, markers distal IsK gene show shaker/waltzer behaviour characteristic of inner
to D11S1318 were homozygous, whereas in family N1Hear dysfunction and inner ear pathology closely resembling that
homozygosity was observed for D11S1318 itself and the markeeen in human subjects who have died from JLRS. (
proximal to it, D11S4046. In family N10D, homozygosity wasCombined with the mapping data in family UK1S, this rendered

Chromosome 11-linked families



2190 Human Molecular Genetics, 1997, \ol. 6, No. 12

tal Family UK2T
01154046
2.4cM
D+151316 o 7
2.2cH o4 ( )==| 9
01154083 ’2 ; 20674 20673 219
0ot 4
154146 SE J‘Iﬂ
cen :ﬁ { ]————|— ',| 5 Famiy M1 4 47 g
28 2AME iy 18 20819 20820 ;4
i a5
* 1|ﬂ (’J 14 (5
16 17
L I LI FE
Family N8A Family N6K
33 24 1 5
49 ( )==| 43 a O__D 1
EZ 15@ 16[4 | 21725 21724 21
21112 21113 B s

2
=3 — 72 Family NSB
11 O= = 73 ’
TEA T i 34 i 43 (5 23 51
_5# =il =10 gls_ 43 39 49 4

14

7 167 21722 21723 2116

— @ 21109 @2 21110 21111 52 52
2 ‘ i Ta
13 T
i 21118 2111 124
za

Family N3S Family N7J

Family M1GC 14
2 — 3 2/4 94 )
s O - ] s | O—=—= 10)7 ™ O—
1B a7 2473 8 7 34 2
iz 54 85 21117 21116 2[5 21729
- 4 41 1
2 a2 ‘ 4 3 (5 7
e i ; ; ] O Lk
7 1(7 6 I5
=5 A H 21728(6)2
5 8|5

okl 21730
L3 21114 21115

Figure 4. Haplotype analysis of eight families. Dashed line indicates suspected consanguinity (see text). Families UK2T and N3ygoesbyndescent for all
the markers typed, D11S4046, D11S1318, D11S4088 and D11S4146. In families N8A and N5B markers distal to D11S1318 are hehsveggongamily N1H
homozygosity is seen for D11S1318 itself and the marker proximal to it, D11S4046. Order of markers is as indicated in the key.

IsK an excellent candidate gene for JLNS in a family in whom thmeasurements in oocyte systeri®).( The mutation in family
KVLQT1gene had been excluded. UK1S alters both this amino acid, Thr59 and the one adjacent to
The minK protein (product of thisK gene) has an unusually it, Leu60, and is therefore very likely to be of functional
simple structure for an ion channel, consisting of only 130 amirgignificance and disease causingitro studies in oocyte systems
acids. The molecule has an extracellular portion, a transmembraf®uld confirm the functional significance of this mutation.
a-helical region and an intracellular regi@2), Sequencing ofthe A recent survey of published databases has indicated that
PCR products of thisk gene in the affected boys in family UK1S complex changes such as the one described here are vepyiyare (
showed the changes illustrated in Fig@esid3a in which three It is interesting to speculate how such a mutation may have arisen
separate nucleotides have been altered. The changes cause Tansla proposed mechanism is outlined in Figufgproximately
and Leu60 each to be replaced by Pro in the transmembrane re@6rbases upstream of the mutation is a small region of sequence
of the predicted protein. similarity sufficient to allow transient mispairing of the two regions
The cyclical structure of proline is expected to influence tha the germline of an ancestor (F3g). This would be followed by
resulting protein structure, since it causes bending of folded proteittempted correction of thé-8equence, based on the template of
chains £3). Indeed, observations of the relative occurrence dhe upstream 'Sssequence. Certainly the base changes that have
amino acid residues irhelices show that proline is the least likely arisen as a result of the mutation create greater homology between
of all the amino acids to be found in this secondary stru@@je ( these two regions. These changes are present in carriers and in
Site-directed mutagenesis of tt&K gene has also contributed both affected individuals.
insight into the functional domains of this small protein. Amino Infamily UK1S, the following are evidence that mutation in the
acid substitutions at a number of positions within and outside theK gene causes JLNS: mutatiorkMLQT1has been excluded
transmembrane region were found to have varying effects on timethis family due to the absence of homozygosity by descent for
functional activity of the channel. Mutation of Thr59 to amarkers in this region, but homozygosity for markers flanking the
structurally related amino acid, valine, was shown to causelsK gene is demonstrated. The chromosome 21 markers typed are
reduction in channel activity as judged by electrophysiologicdlighly polymorphic, with D21S1895 having 10 alleles and
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The 5 bp deletion in th&VLQT1 gene encoding the S2-S3
membrane-spanning segment of the predicted channel will cause
a frameshift and is highly likely to be disease causing.

The results shown in Figuré refine previous combined
mapping data on the location of tK&/LQT1 gene, probably
because a large number of ancestral meioses have been samplec
Previous analysis of recombinants in families with JLNS had
indicated that th&VLQT1gene mapped between D11S922 and
D11S4146 13), with the presumed order being D11S922,
D11S4046, D11S51318, (D11S4088), D11S4146. The mapping of
12 recombinants in eight French families with dominant long QT
syndrome placed the gene distal to D11S12H. Our data
indicate that the mutant gene is located between the markers
D11S1318 and D11S4088, but given that KhRE.QT1 gene
covers a large genomic region (at least 300 kb), it is possible that
some of these markers may lie within the gene it&éJf (

Not all families of Norwegian origin share the common
haplotype or demonstrate the SSCP shift seen in families N1H,
Figure 5.PCR amplification products from the S2—-S3 domains dftHeQT1 N5B and N10D. Families N6K and N7J share a haplotype which
gene (9) after digestion with the enzyhiial. In normal controls, digestion  differs from that seen in families N1H, N5B and N10D,
yields fragments of 98 _amZBO bp (lanes 2, 5, 6, ;|.3 and 14). In the homozy_gou_s Suggesting that more than one mutation "KMEQTlgene must
mutant, the 5 bp deletion abolishes the cut site for the enzyme, resulting in Be present in the Norwegian population. However, this group of
single fragment of 1180 bp (lanes 3 and 9). In heterozygotes dftieal . - R 2 ’ -
digestion there are fragmentseif80, 98 and’BO bp and an additional fainter ~ €19t families shown in Figureoriginates from several different
band at 200 bp (lanes 7, 11 and 12). This faint band at 200 bp probablgthnic backgrounds, including Turkey, Pakistan and Norway.
represents heteroduplexes, partially resistartiitel digestion. This band,  This indicates that the majority of cases of JLNS can be accounted
which is not present in normals or homozygous mutants, can be created by, by mutation in th&VLQT1gene.
g?gégﬂnz(\:,\,ﬁihﬂﬁgu(figzr a normal and a homozygous mutant and then ‘Now that it has been shown that homozygous mutations in

eitherKVLQT21or IsK can cause JLNS in humans, it remains to
be seen whether JLNS can result from compound heterozygosity
for mutations in both genes, so-called digenic inheritatigedr

heterozygosity of 82%. The sequence chandeKin the affected whether the resulting phenotype may differ. Certainly, families

boys of family UKLS are not seen on SSCP analysis of 120 nornf3fve Peen reported in which there is both deafness and a long QT
: ; ; o initerval but in whom the pattern of inheritance is not completely

residues, predicted to cause severe disruption to the heli nsistent with an autosomal recessive mode of transmission

structure of the transmembrane region of the molecule. Functio 8,29)-

studies on one of the mutated residues has previously shown this

to be important for channel activity. Interaction of th gene

product with that of th&KVLQT1gene, already known to cause \jATERIALS AND METHODS

JLNS, provides a plausible biological mechanism for the disease

pathology. The rarity of mutations in theK gene in JLNS is .

accounted for by demonstrating that the majority of cases of tHimily data

rare condition are very likely to be caused by mutatiégbihQT1

The identification ofsK as a gene underlying JLNS in humans isindividuals were considered to have JLNS if they had profound

strongly supported by observationdsk knockout mice. sensorineural deafness and a prolonged @@erval. Most
Although 11 unrelated individuals/families with JLNS wereindividuals were ascertained following syncopal episodes

screened for mutations in th&K gene, none were found. This is (although families N5B and N8A were ascertained following

not surprising, as haplotyping of eight of the families, presentddCG screening of deaf children). Qmtervals were calculated

here, together with the mutation describedW.QTY, provide using Bazett's formula and a @terval of >440 ms is generally

good evidence that the majority of families map toKeQT1  considered to be prolonge@0j. Some gene carriers fulfil the

locus. Of the remaining three families, all are non-consanguineousteria for a prolonged QT interval.

and provide very little mapping information (pedigrees not shown). Family UK1S is a British family. § and I, have congenital

However, two of these three non-consanguineous families agpeofound sensorineural hearing loss with absent vestibular

heterozygous for the 5 bp deletion characterised here and the tHindction. Ib had three episodes of syncope on exertion prior to

shows a heterozygous SSCP shift inkhe.QT1gene, indicating diagnosis and treatment, one of which required resuscitation. Il

that they may also be accounted for by mutation at the major locts a Q{interval of 488 ms andjlh QT; interval of 478 ms. QT

KVLQT1 (data not shown). Thus all individuals with JLNS intervals are 414 ms in the father and 418 ms in the mdifer (

available to us for study are accounted for. II > has retinal pigmentation of unknown origin but both boys have
Since families N1H, N5B and N10D originate from the samaormal electroretinograms, excluding a diagnosis of Usher

part of Norway, a founder effect is likely to account for thesyndrome.

mutation in these families and, indeed, a common haplotype isFamily UK2T comes from Turkey but is resident in the UK.

seen in these three families, suggestive of linkage disequilibriurRarents are first cousins. The proband has prelingual deafness anc

1« Homozygote mutant
» Forced heteroduplex

i _. 100bp ladder
# ~ Heterozygote
o 100bp ladder
trol
@ 100bp ladder

{ > control

S
c
L] g
13

BoCON

g 10 11 12

e

r=]
=
=
=
Q
5]
6

600bp
300bp
200bp—

100bp— [




2192 Human Molecular Genetics, 1997, \ol. 6, No. 12

suffered from syncope. His @B 480 ms and that of his sister is glycerol, at 45 W, 0.5 TBE, for 4 h. This allowed visualisation
374 ms. of both single and double-stranded DNA. The gels were stained

Family N1H originates from Norway and has been reportedith 0.012 M silver nitrate as described previously) (
previously (case 31). The mother has a Q®&f 430 ms and the
father’s is 400 ms.

Family N3S originates from Norway. The proband is
congenitally deaf and suffered from syncopal episodes elicited IBjotinylated PCR products were purified using Dynabeads
stress. Her QT interval is 600 ms, but no other information ¥Dynal, UK) and single-stranded products sequenced using the
available. USB Sequenase v.2.0 kit, according to the manufacturer’s

Family N5B originates from Norway and has not been reporté@structions.
previously. The proband is congenitally deaf and the diagnosis was
made on ECG examination (customary practice for all de .
children in Norway). The affected girl's Qi 540 ms, her father’s gequence analysis HVLQTL
is 410 ms, her brother’s is 370 ms and that of her mother is 470 MER products demonstrating SSCP variants were sequenced
at rest, increasing to 540 ms on exercise. directly on both strands using the fluorescent dideoxy terminator

The proband in Family N6K is congenitally deaf and comegethod and analysed using an ABI 377 DNA sequencer.
from the same geographical region in Norway as family N7J. No

QT intervals are available.
Family N7J has been reported previoudly gnd formed the ACKNOWLEDGEMENTS
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Sequence analysis dsK

PCR analysis

DNA was prepared from blood using standard protocols or froREFERENCES
buccal swabs3@). Information on (CA) microsatellite markers

were provided by Généthon human genetic linkage ni&pgtie ; ; . .

Hereditary Hearing Loss Homepagé&)and published references Eegrtt E’l'ssefgg!"gg. prolongation of the QT interval, and sudden éeath.

(7—10,_25)- All genotyplng was performed n 96-well Omn|P|ates 2. Fraser,G. (1976) Deafness with abnormal EKG (Jervell and Lange-Nielsen

(Hybaid) under oil. PCR was performed with 40 ng genomic DNA  Syndrome). InThe Causes of Profound Deafness in Childhatmhns

in a 10pl volume containing 10 pmol-rimer, Ix Bioline buffer Hopkins University Press, London, UK.

(Bioline), 1.5 mM Mé+, 0.2 mM dGTP, dATP, dTTP and dCTP 3. f;%lilzésp and Brown,S.D.M. (1994) Genes and deaffressls Genet10,

an.d 02U Taq p_C"ymerase (B'Ol!ne) under Standar.d Cond't'ons4. Steel,K.P. and Bock,G.R. (1983) Hereditary inner ear abnormalities in

Prior to amplification, 10 pmol'Srimer per 1Qul reaction were animals Arch. Otolaryngal, 109, 22—29.

end-labelled with 0.5l [y-32PJdATP(3000 Ci/mmol) with 0.5 U 5. Friedmannl., Fraser,G.R. and Froggatt,P. (1966) Pathology of the ear in the

polynucleotide kinase (Promega) for 30 min. Alleles were PECIGEEER ROETE 2 o o om0l 1L 80, 45170,

SeDarated _aS de_scnb_ed prev!ousm Gnd SIZes were d_etermmed 6. Friedmann,l., Fraser,G.R. and Froggatt,P. (1968) Patholo’gy of the ear in the

by comparing migration relative to an_M13 sequencing ladder. cardio-auditory syndrome of Jervell and Lange-Nielsen syndrame.
Linkage analysis was performed using the MLINK programme _ Laryngol. Otol, 82, 883-896.

of LINKAGE. Marker allele frequencies were obtained from 7- CurranM.E., Splawskil., TimothyK.W., Vincent,G.M., Green,E.D. and

A 0 Keating,M.T. (1995) A molecular basis for cardiac arrhythmia: HERG
Généthon 33). Penetrance was assumed to be 100% and gene mutations cause long OT syndrorell, 80, 795-803.

frequency 0.00001. 8. Wang,Q., Shen,J., Splawski,|., Atkinson,D., Li,Z., Robinson,J.L., Moss,A.J.,
Towbin,J.A. and Keating,M.T. (1995) SCN5A mutations associated with an
inherited cardiac arrhythmia, long QT syndror@ell, 80, 805-811.

1. Jervell,A. and Lange-Nielsen,F. (1957) Congenital deaf-mutism, functional

SSCP analysis

SSCP analysis of th&VLQT1 gene was performed using
published primer sequencés)). The coding sequence of tis&
gene was amplified by PCR using primer pairs aCéccording

to Tessonet al. (20). Non-radioactive PCR products were !

analysed on ® Mutation Detection Enhancement gel (FMC
Bioproducts) at 4C or room temperature, with or without 10%

. Wang,Q., Curran,M.E., Splawski,|., Burn,T.C., Millholland,J.M., VanRaay,T.J.,

Shen,J., Timothy,K.W., Vincent,G.M., de Jager,T., Schwartz,P.J., Towbin,J.A.,
Moss,A.J., Atkinson,D.L., Landes,G.M., Connors,T.D. and Keating,M.T. (1996)
Positional cloning of a novel potassium channel gene: KVLQT1 mutations
cause cardiac arrhythmiddature Genef12, 17-23.

0. Schott,J.-J., Charpentier,F., Peltier,S., Foley,P., Drouin,E., Bouhour,J.-B.,

Donnelly,P., Vergnaud,G., Bachner,L., Moisan,J.-P., Le Marec,H. and
Pascal,O. (1995) Mapping of a gene for long QT syndrome to chromosome
4925-27Am. J. Hum. Gengb7, 1114-1122.



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Barhanin,J., Lesage,F., Guillemare,E., Fink,M., Lazdunski,M. and Romey,@3.
(1996) K/LQT1 and IsK (minK) proteins associate to form the tardiac ~ 24.
potassium curreniNature 384, 78—80.

Sanguinetti,M., Curran,M.E., Zou,A., Shen,J., Spector,P.S., Atkinson,D.L.
and Keating,M.T. (1996) Coassembly of KQT1 and minK (IsK) proteins

to form cardiac s potassium channeWature 384, 80—83.

Neyroud,N., Tesson,F., Denjoy,l., Leibovici,M., Donger,C., Barhanin,J.25.
Faur,S., Gary,F., Coumel,P., Petit,C., Schwartz K. and Guicheney,P. (1997) A
novel mutation in the potassium channel gene KVLQT1 causes the Jervell
and Lange-Nielsen cardioauditory syndroidature Genet 15, 186-189.
Splawski,l., Timothy,K.W., Vincent,G.M., Atkinson,D.L. and Keating,M.T. 2g.
(1997) Molecular basis of the long-QT syndrome associated with deafness.
New Engl. J. Med336 1562—-1567.

Van Camp,G. and Smith,R.J.H. (1997) Hereditary hearing loss home pagg;,
World Wide Web URL, http:/dnalab-www.uia.ac.be/dnalab/hhh.html.
Coyle,B., Coffey,R., Armour,J.A., Gausden,E., Hochberg,Z., Grossman,A.,
Britton,K., Pembrey,M., Reardon,W. and Trembath,R. (1996) Pendr(—::/g8
syndrome (goitre and sensorineural hearing loss) maps to chromosome 7'in
the region containing the nonsyndromic deafness gene DFN&re 29
Genet, 12, 421-423. ’
Sheffield,V.C., Kraiem,Z., Beck,J.C., Nishimura,D., Stone,E.M., Salameh,M.,
Sadeh,O. and Glaser,M. (1996) Pendred syndrome maps to chromosol
7021-34 and is caused by an intrinsic defect in thyroid iodine organificatiory.
Nature Genef12, 424-426.

Shimizu,N., Antonarakis,S., Van Broeckhoven,C., Patterson,D., Gardiner,}é,]"
Nizetic,D., Creau,N., Delabar,J.-M., Korenberg,J., Reeves,R., Doering,J 5
Chakravati,A., Minoshima,S., Ritter,O. and Cuticchia,J. (1995) Report of thé :
fifth international workshop on human chromosome 21 mapg@iytpgenet.

Cell Genet, 70, 148-165.

LaiL.-P., Deng,C.-L, Moss,AJ., KassR.S. and Liang,C.-S. (1994
Polymorphism of the gene encoding a human minimal potassium ion chan
(minK). Gene 151, 339-340.

Tesson,F., Donger,C., Denjoy,l., Berthet,M., Bennaceur,M., Petit,C., Coumel,P.,
Schwartz, K. and Guicheney,P. (1996) Exclusion of KCNEL1 (IsK) as a candidate
gene for Jervell and Lange-Nielsen syndrodheMol. Cell. Cardiol, 28
2051-2055.

Vetter,D.E., Mann,J.R., Wangemann,P., Liu,J., McLaughlin,K.J., Lesage,F.,
Marcus,D.C., Lazdunski,M., Heinemann,S.F. and Barhanin,J. (1996) Inn&5.
ear defects induced by null mutation of the isk giieeron 17, 1251-1264.
Takumi, T., Moriyoshi,K., Aramori,l., Ishii,T., Oiki,S., Okada,Y., Ohkubo,H.
and Nakanishi,S. (1991) Alteration of potassium channel activities and gatirf.
by mutations of slow ISK potassium channél. Biol. Chem 266
22192-22198.

Human Molecular Genetics, 1997, Vol. 6, No. 2293

Stryer,L. (1988BiochemistryW.H.Freeman and Co., New York, NY.
Oldridge,M., Lunt,PW., Zacki,E.H., McDonald-McGinn,D.M., Muenke,M.,
Moloney,D.M.,  Twigg,S., Heath,J.K, Howard,T.D., Hoganson,G.,
Gagnon,D.M., Wang Jabbs,E. and Wilkie,A.O.M. (1997) Genotype—phenotype
correlation for nucleotide substitutions in the Igli-Iglll linker of FGFR@m.

Mol. Genet 6, 137-143.

Dausse,E., Denjoy,l., Kahlem,P., Bennaceur,M., Faure,S., Weissenbach,J.,
Coumel,P., Schwartz,K. and Guicheney,P. (1995) Readjusting the localization of
long QT syndrome gene on chromosome 11@1R. Acad. Sci. Parig18
879-885.

Lee,M.P,, Hu,R.-J., Johnson,L.A. and Feinberg,A.P. (1997) Human KVLQT1
gene shows tissue-specific imprinting and encompasses Beckwith—Wiedeman
syndrome chromosomal rearrangemeX&gure Genef 15, 181-185.
Kajiwara,K., Berson,E.L. and Dryja,T.P. (1994) Digenic retinitis pigmentosa
due to mutations at the unlinked peripherin/RDS and ROM13o@nce

264, 1604-1608.

Drescher,D.G., Green,G.E. and Lehman,M.H. (1997) Hearing impairment in
patients with long QT syndromiered. Deafness Newsl3, 24.

Reardon,W., Lewis,N. and Hughes,H. (1993) Consanguinity, cardiac arrest,
hearing impairment, and ECG abnormalities: counselling pitfalls in the
Romano-Ward syndromé. Med. Genet30, 325-327.

. Schwartz,P.J., Moss,A.J., Vincent,G.M. and Keating,M. (1993) Diagnostic

criteria for the long QT syndrome. An upddairculation, 88, 782—784.
Jervell,A., Thingstad,R. and Endsjo,T.0. (1966) The surdo-cardiac syndrome.
Am. Heart J 72, 582-593.

Muelenbelt,l., Droog,S., Trommelen,G.J.M., Boomsa,D.l. and Slagboom,E.P.
(1995) High-yield non-invasive human genomic DNA isolation method for
genetic studies in geographically dispersed families and populations].

Hum. Genet57, 1254-1255.

. Dib,C., Faure,S., Fizames,C., Samson,D., Drouot,N., Vignal,A., Millasseau,P.,

Marc,S., Hazan,J., Seboun,E., Lathrop,M., Gyapay,G., Morisette,J. and Weissen-
bach,J. (1996) A comprehensive genetic map of the human genome based on
5,264 microsatellitedNature 380, 152—-154.

34. Tyson,J., Bellman,S., Newton,V., Simpson,P., Malcolm,S., Pembrey,M. and

Bitner-Glindzicz,M. (1996) Mapping of DFN2 to Xq22um. Mol. Genet5,
2055-2060.

Tyson,J., Ellis,D., Fairbrother,U., King,R.H.M., Muntoni,F., Jacobs,J., Mal-
colm,S., Harding,A.E. and Thomas,P.K. (1997) Hereditary demyelinating
neuropathy of infancy. A genetically complex syndroBrain, 120, 47—63.
Collins,A., Frezal,J., Teague,J. and Morton,N.E. (1996) A metric map of
humans: 235000 loci in 850 band3roc. Natl. Acad. Sci. USA93,
14771-14775



