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Familial hyperinsulinism (HI) is a disorder of
pancreatic [-cell function characterized by persistent
hyperinsulinism despite severe hypoglycemia. To
define the molecular genetic basis of HI in Ashkenazi
Jews, 25 probands were screened for mutations in the
sulfonylurea receptor (SUR1) gene by single-strand
conformation polymorphism (SSCP) analysis of
genomic DNA and subsequent nucleotide sequence
analyses. Two common mutations were identified: (i) a
novel in-frame deletion of three nucleotides (nt) in
exon 34, resulting in deletion of the codon for F1388
(AF1388) and (ii) a previously describedg - atransition
at position —9 of the 3 ' splice site of intron 32
(designated 3992-9g -.a). Together, these mutations
are associated with 88% of the HI chromosomes of the
patients studied. 86Rb* efflux measurements of
COSmeé cells co-expressing Kir6.2 and either wild-type
or AF1388 SUR1 revealed that the F1388 mutation
abolished ATP-sensitive potassium channel (K a7p)
activity in intact cells. Extended haplotype analyses
indicated that the AF1388 mutation was associated
with a single specific haplotype whereas the
3992-9g - a mutation was primarily associated with a
single haplotype but also occurred in the context of
several other different haplotypes. These data suggest
that HI in Ashkenazi Jews is predominantly associated
with mutations in the SUR1 gene and provide evidence
for the existence of at least two founder HI
chromosomes in this population.

INTRODUCTION

Familial hyperinsulinism (HI; OMIM: 256450) is an autosomal
recessive disorder of pancreatfg-cell function and is
characterized by inadequate suppression of insulin secretion in
the presence of severe, recurrent, fasting hypoglycemia. Clinical
manifestations of HI, which occurs predominantly in neonates
and infants under 1 year of age, include seizures, coma and large
birth weight for gestational age{3). In the absence of treatment,

HI may be lethal or result in irreversible neurologic sequelae.
Estimates for the incidence of this disorder vary from 1/40 000
live births in northern Europd)(to 1/2675 live births in Saudi
Arabia, a country in which 51% of all births are from
consanguineous marriagés. (

The HI locus was initially assigned to the region flanked by the
microsatellite markers D11S926 and D11S899 on chromosome
11p14-15.1 by genetic linkage analyses and homozygosity
mapping 6,7). Subsequent linkage and haplotype studies using
additional genetic markers refined the position of the HI locus to
the D11S419-D11S1310 interv8).(Recently, the gene for the
sulfonylurea receptor (SUR1), a modulator of insulin secretion,
was localized to chromosome 11p15.1 by fluorescenséu
hybridization (FISH) and two separate point mutations were
identified in probands with HI by nucleotide sequence analyses
of SUR1 cDNA and/or genomic DNA), Both mutations, a
g- a transition in a'ssplice site which results in exon skipping
and a g- a transition in intron 32, postulated to activate cryptic
splice sites, are presumed to result in premature truncation of the
SUR1 molecule9).

Characterization of the full-length complementary DNA
(cDNA) sequence and genomic structure of the human SUR1
homologue indicates that the SUR1 gene comprises 39 exons anc
spans >100kb of genomic DNA (G. Gonzalez, L. Aguilar-Bryan
and J. Bryan, GSDB Accession #L78208; H. Inoue and M. A.
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AF1388 mutation upon Asp channel activity were examined by
86RbCI efflux measurements in transfected cells expressing
Kir6.2/AF1388 SURL1 Krp channels. The data indicate that the
AF1388 mutation impairs Ap channel activity, consistent with

the HI disease phenotype of probands possessing this mutation.
Extended haplotype analyses of kindreds that possess identical
mutations suggest that at least two founder mutations for HI may
exist within the Ashkenazi Jewish population.

RESULTS

SSCP analyses

Figure 1. Schematic representation of the predicted membrane topology of thd0 define the molecular basis of HI in Ashkenazi Jews, DNA
SUR1 protein. The molecule comprises two nucleotide-binding folds (designategamples from 25 probands were screened for mutations within all 39
oo e oy e e ard s menbOnS Of the SURL gene and also, witin flanking inron-exon
spanning doncjlains composed of muslltiple putr;ltiveptransn):émbrane segmen Bundaries by SSCP analys_es. Exons are _numbered _Con‘c’_eC"_Jtlvel)
(10-12). Locations of putative disease causing mutations identified in AshkenadfOM the 5end of the gene, with the two putative nucleotide-binding
Jewish probands are denoted as: (1) the position where premature truncationfafids, NBF-1 and NBF-2, of the SURL protein encoded by exons
SUR1 due to the intronic mutation, 3992-8g is postulated to occur (9,10) and 1522 and 33-38, respectively (G. Gonzalez, L. Aguilar-Bryan and
(2) AF1388. Adapted from Philipson, L. H. and Steiner, DSétence268 J. Bryan, GSDB accession #L7820fi))( Samples demonstrating
372-373. i - . ;

electrophoretic mobility shifts were detected in some probands

and/or control samples for exons 6, 12, 16, 18, 21, 27, 31, 33, 34, 35
Permutt, unpublished data). The human SUR1 cDNA containsaad 39 (Fig®a and3a; data not shown). Mutations in the SUR1
single open reading frame that encodes a protein of 1581 amigene in samples displaying such band shifts were identified by
acids and an alternative spliced form of 1582 amino acids£¥MWnucleotide sequence analyses of polymerase chain reaction (PCR)
177 kDa) (G. Gonzalez, L. Aguilar-Bryan and J. Bryan, GSDBroducts amplified in independent reactions from genomic DNA
accession #L.78208; H. Inoue and M. A. Permutt, unpublisheshmples. A total of 14 different mutations were identified, including
data) (0). Homology analyses of the deduced amino acid?2 putative polymorphisms (see below).
sequence revealed that SUR1 is a member of the adenosinducleotide sequence analyses of PCR products encompassing
triphosphate (ATP)-binding cassette superfariilyl?). Amodel  exon 34 from DNA samples displaying aberrant SSCP patterns
for SURL1 predicts that the molecule contains two nucleotidevealed an in-frame deletion of three nucleotides Z&ignd b).
binding domains (NBF-1 and NBF-2) and two membranélthough it is not possible to distinguish by nucleotide sequence
spanning domains, each composed of multiple putativenalyses whether the nucleotides (nt) 4162-4164 (itc) or
transmembrane regions (FIy(10). Evidence for a functional role 4163-4165 (tct) are deleted in the mutant allele @Y. both
of SURL in the regulation of ATP-sensitive potassium channeddternatives result in deletion of the codon for phenylalanine at
(Katp) in pancreatig3-cells has recently been provided by theamino acid position 138&F1388) in NBF-2 and conservation
finding that co-expression of SUR1 and a srfiaell inward of the adjacent downstream serine amino acid residue (G.
rectifier potassium channel subunit (Kir 6.2) in COSm6 or COS-Gonzalez, L. Aguilar-Bryan and J. Bryan, GSDB accession
cells reconstitutes an inwardly rectifying ATP-sensitive potassiu#l_78208) (0). Amino acid and nucleotide positions for the
current (karp) (13). The SURL1 protein is presumed to conferhuman SUR1 protein are numbered relative to the alternatively
ATP/ADP-sensitivity on Igarp (13). Current models for spliced form of the cDNA, encoding a protein of 1582 amino
glucose-regulated insulin secretion propose that closure of sumtids (G. Gonzalez, L. Aguilar-Bryan and J. Bryan, GSDB
Karp channels in pancreati-cells is required for insulin accession #L78208). Deletion of either nt 4162—-4164 (ttc) or nt
exocytosis {4). Elevations in blood glucose concentration lead td163—4165 (tct) creates a unique restrictionyme recognition
increased rates of glucose metabolisrfi-gells and consequent sequence foBseRl in exon 34 of the mutant allele, allowing
alterations in the intracellular ratio of ATP/ADP, resulting inidentification of non-carriers and individuals homozygous or
inhibition of Karp channels. The subsequent depolarization of thieeterozygous for th&sF1388 mutation. A representative mutation
B-cell plasma membrane activates voltage-sensitivedbannels  analysis profile for one pedigree is shown in Figaréollowing
and the ensuing influx of G&initiates insulin secretion. Absence digestion of the 274 bp PCR product wHseRl, probands
of Karp channel activity in HI has been demonstrated byomozygous for th&F1388 allele possessed fragments of 144 and
patch-clamp studies on islgt-cells obtained from affected 130 bp whereas both heterozygous parents had an undigestec
individuals (L5,16), a finding consistent with the identification of 274 bp fragment and two restriction fragments of 144 and 130 bp.
mutations in the SUR1 gene associated withoHI7). Allelic frequencies for thAF1388 mutation were determined for

We previously demonstrated a founder effect for HI irHI and normal chromosomes by PCR amplification of exon 34

Ashkenazi Jews by extended haplotype analyses of 21 kindrddsm all 25 probands and from 89 unaffected unrelated Ashkenazi
(8). In this report, probands from these and an additional fodews, followed by digestion of the resultant PCR products with
families of Ashkenazi Jewish descent were screened for mutatiddseRl. TheAF1388 mutation was observed on nine of 48 (18.8%)
in the SUR1 gene by single-strand conformation polymorphistdl alleles and was not detected in the 89 control DNA samples
(SSCP) analysis of genomic DNA. Two common mutationgdata not shown). Eight probands were hejgamzs and one
deletion of F13884F1388) and a g a transition at position —9 of proband, identical by descent for a region (D11S1901-D11S1310)
the 3 splice site of intron 32, were identified. The effects of thencompassing the SUR1 locus on chromosome 11p15.1, was
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(@) homozygous for this mutation (see Fig). Restriction fragment
length polymorphism (RFLP) analyses of all immediate family
members of the nine probands possessing\fi&888 mutation
revealed co-segregation of this mutation with the HI disease
phenotype in each kindred (FRg; data not shown).

= — Three different band shifts were also detected by SSCP analysis
; of exon 33 in a subset of probands and/or control sample8&Fig.
data not shown). Nucleotide sequence analyses of genomic DNA,
Lane: 1 2 3 4 & & 7 amplified by PCR from samples displaying mobility shifts,
identified two putative polymorphisms (see below) and a previously
reported g- a transition at position —9 of thesplice site of intron
32 (designated 3992—9a, where nt 3992 is the first nucleotide of
exon 33) (Fig3b) (9). This mutation has been postulated to activate
three cryptic RNA splice sites, resulting in frameshifts and a
predicted truncation of the SUR1 molecu®. (A recognition
sequence for the restriction endonucléésieis abolished by the
3992—-9¢g- a mutation so that mutant alleles retain an intact fragment
of 258 bp upon digestion with this enzyme whereas wild-type alleles
are digested into 168 and 90 bp fragments Bdy. Allelic
frequencies for the 3992-9@ mutation, determined by RFLP
analyses of 25 probands and 89 normal Ashkenazi individuals,
indicated that the 3992-9¢a mutation was the predominant
mutation within SUR1 in the probands studied, occurring on 33 of
48 (68.8%) HI chromosomes compared with one of 178 (0.6%)
chromosomes from control individuals (data not shown). Of the 23

< probands who possessed this mutation, 11 were homozygotes and 1:

il were heterozygotes. Co-segregation of the 3992a9mutation

G aT A £ with the HI disease phenotype was observed for 21 of 23 families

by RFLP analyses of individual family members (data not shown).

In one family, the proband homozygous for this mutation had two

unaffected sibs who were haploidentical for the D11S861—

D11S1310 interval encompassing the SURL1 locus (data not shown).

Although both sibs were large for gestational age, neither possessec

any of the other clinical manifestations of HI (B. Glaser and H.

el Landau, pers. comm.). In a second family, assuming a recessive

mode of inheritance for HI, the proband who was presumed to be

a compound heterozygote for the 3992-@gmutation and an

unidentified mutation also had an unaffected sib who was

haploidentical for all microsatellite markers within the

D11S861-D11S1310 interval (data not shown). Although the

proband fulfilled the diagnostic criteria for HI, the possibility that

defect(s) in insulin secretion in this patient are attributable to either

]
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R (i) mutation(s) at another locus or (i) a mutation at the SUR1 locus
Lwe 1 2.5 8 B B and a second mutation at a different locus cannot be excluded at
present.

Figure 2.1dentification of the exon 34F1388 mutationa) SSCP analyses of Together, the 3992-9ga andiF1388 mutations are associated
seven individuals of Ashkenazi Jewish descent. Lanes 1, 2, 3, 5and 6: unrelat%ﬁh .788% HI alleles in the patient COh(?rt' Mutations Were
probands; lane 4: affected sib of the proband in lane 5 lane 7: unaffected contrtfi€ntified on both alleles for 19 of 25 (76.0%) probaljds, with 11
individual. Arrows indicate the position of shifted bands in individuals probands (44.0%) homozygous for the 3992-8gnutation, one
possessing th1388 mutation. (ii) Nucleotide sequence analyses of exon 34(4,0%) homozygous for tlé=1388 mutation, seven (28.0%) were
?mplifie)d byd PC(R froml)gen(zn;ic aNA ofI indic\j/iduals indicater(]j in Ianesf 5h Compound heterozygotes possessing both the 39%%”
patient) and 7 (normal) in (a). The nucleotide sequence shown is of tl . L .

positive-sense strand. Although deletions of either nt 4162—-4164 (ttc) 0%F1388 mutations and the remamning six (24'0%) pmbands were
4163-4165 (tct) may have occurred in the mutant allele, only the position of th@resumed to be compound heterozygotes for the 3992x-%y

ttc deletion is indicated for purposes of clarity.RFLP analyses of a kindred ~ AF1388 mutations and an unidentified mutation.

possessing th&F1388 mutation. PCR products encompassing exon 34 were

amplified from genomic DNA of all family members and digested B&tRI

for 2 h. Restriction digestion products were analyzed on a 3% NuSieve (3:136Rp* efflux assays

agarose gel and visualized by staining with ethidium bromide. Lane 1: 123 bp

marker DNA ladder (Gibco); 2: undigested 274 bp exon 34 PCR product; 3 an ; 1kfed ;
4: maternal and paternal PCR products following digestion BRI, eﬁ'he functional consequences of 388 mutation upon Afp

indicating the presence of the undigested wild-type (274 bp) fragment an@hannel activity were examined by measurem(_'ﬁw efflux in
mutant allele products (144 bp and 130 bp); 5 and 6: affected sibs homozygodtact COSmG cells co-transfected with the murine homologue of the

for theAF1388 mutation. Karp channel subunit Kir6.21Q) and either wild-type hamster
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Figure 4. Comparison of86Rb* efflux through wild-type SUR1 and
AF1388SURL Krp channels. COSm6 cells were co-transfected with pCMV-
Kir6.2 and either pECE-SUR1 (left panel) or pEGE3388SURL1 (right
panel) and assayed f8Rb" efflux following incubation with either metabolic
inhibitors (2-deoxy-D-glucose and oligomycin), which alter the intracellular
ATP/ADRP ratio, or diazoxide, which activateggi& channel activity. Open
squares indicate averaged basal efflux values from transfected and untrans-
fected cells; solid squares denote efflux in the presence of 2-deoxy-D-glucose
(2 mM) and oligomycin (2.51g/ml); solid circles represent efflux in the
presence of diazoxide (3@d); open triangles (left panel) indicate efflux in

the presence of metabolic inhibitors and glibenclamidgM}) and open
diamonds (right panel) represent control COSm6 cells incubated in the presence
of 2-deoxy-D-glucose and oligomycin. Error bars indi¢atndard deviation.

SUR1 or SUR1 containing thAF1388 mutation (designated
AF1388SUR1).85Rb" efflux was assayed in transfected cells
following incubation with (i) metabolic inhibitors (2-deoxy-
D-glucose and oligomycin) which reduce intracellular ATP levels
and increase ADP levels, resulting in opening gikchannels, or
(i) diazoxide, an activator of 4&p channels in islgb-cells or (iii)
glibenclamide, an inhibitor of A&p channel activity. In cells
expressing wild-type Kir6.2/SURIafp channel$6Rb* efflux was
stimulated above basal levels by the presence of either diazoxide or
metabolic inhibitors (Figl). The Kxrp channel activity elicited by
metabolic inhibition in cells expressing wild-type Kir6.2/SUR1
Karp channels was sensitive to glibenclamide. Untransfected
COSmeé cells or cells transfected with a control plasmid expressing
B-galactosidase displayed no stimulation of 884" efflux levels
by diazoxide and inhibition of efflux by metabolic inhibitors (Big.
data not shown). In contrast to cells expressing wild-tyge K
channels, cells expressing Kird21388SUR1 channels displayed
Lone: ¥ 2 34 B ET B the same responses as untransfected control cells; no stimulation by
diazoxide and reduced efflux in the presence of metabolic inhibitors.
Figure 3. Identification of the 3992-9ga mutation.§) SSCP analyses of six  Photolabeling of the 140 kDa SURL1 receptor in transfected cells,
individuals of Ashkenazi Jewish descent. Lanes 1, 2, 4 and 5: U”fe'ateﬂjsinglzﬁ-glibenclamide, indicated that similar levels of SUR1 were

probands; lane 3: heterozygous parent of the proband (lane 4); lane 6: norm, . g . .
unrelated control. Band shifts in DNA samples possessing the 3992-9g &pressed in cells co-transfected with Kil#2388SUR1 or

mutation are indicated by an arrol) Nucleotide sequence analyses of PCR Wild-type Kir6.2/SURL Krp channels (data not shown). Together,
products spanning exon 33 amplified from genomic DNA of individuals these data suggest ts1388SURL is expressed in transfected
indicated in lanes 4 and 6 in (a). The nucleotide sequence shown is of the revergells but is unable to form a functionagdf& channel with Kir6.2.
complement. Exonic and intronic sequences are shown in upper and lower case,

respectively. § RFLP analyses of a kindred possessing the 3992a9g

mutation. PCR products encompassing exon 33 from all available familyHaplotype analyses

members were amplified from genomic DNA and digested itfi.

Restriction digestion products were analyzed on a 3% NuSieve (3:1) agarosko identify possible founder haplotypes associated withRha83

gel and visualized by staining with ethidium bromide. Lanes 1: 123 bp markepr 3992—9g- a mutations, extended haplotypes were derived for HI
DNA ladder (Gibco); 2: undigested 258 bp exon 33 PCR product; 3 and 4: Pc%nd normal chromosomes in parents of the 25 Ashkenazi probands

products amplified from paternal and maternal DNA follwing digestion with . . . L -
Ncil, indicating the presence of the mutant (258 bp) fragment and WiId—typeby typing all available individuals within each family for four

allele digested into 168 bp and 90 bp fragments; 5 and 8: unaffected carrignicrosatellite  markers (D11S1397, D11S902, D11S921,
siblings; 6 and 7: affected siblings homozygous for the 3992adgutation. D11S1890), which are linked to the HI loc&4.8,19). The relative

FONGF—AO- DY —dddmn nfEa s e Ea s rEm AR RA WS A S D
FOARGFr-ADO S0 I IO 0 AdGdU R —da e A EE RA EA R R R =D

=3

123 by =




Human Molecular Genetics, 1996, Vol. 5, No. 1817

Table 1.Association between haplotypes on HI chromosomes and SUR1 mutations

Ma.[ %) HI N (%)NORMAL
HAFLOTYPFE DIISI3T DI1Sa2 DI11SS921 DM1S1890 CHROMOSOMES CHROMOSOMES
=47 =47
Mutation
SUBGROUP I091-0g—a AF13EE  usknown
3 1f] 3 3 1(2.1%) .
1 ! 4 3 ILI%) BT}
3 T 5 3 - - 121%) 1{2.1%)
1 g 3 3 - - I21%) 1(2.1%;)
3 g 4 2 - - IL1%) 1{2.1%)
B 1 3 4 3 2 17{36.2%) - -
1] 2 4 3 2 H4.3%) - - .
m 3 5 3 2 W21%) - . 12.1%)
v 3 3 3 2 LLEL S = - -
v 3 4 3 3 1% - o H4.3%)
G 3 3 3 4 I(2.1%) - -
H 2 4 1 3 S(10.6%) - . 12 1%
I 1 4 3 2 1(21%) - - 1(2.19%)
i) 3 3 3 1 1L1%) - . 1(E1%)
E I 3 4 5 2 B(1T.0%)
1} 2 4 5 2 - L2 1%) T
m 3 4 3 3 . + - JpAR)
v 2 4 5 i - - - 1E1%)
v 3 4 4 2 - - . 1(E1%)
+24
OTHERS - - . LR

order of these markers with respect to the SURL locus has bednd7 (2.1%) HI chromosomes. Of the 34 HI chromosomes
previously established as 1lpter— D11S1397—(D11S902— SURdearing the 3992—9ga mutation, the majority were represented
D11S921-D11S1890)-11pcen by genetiokdge (8,19), by the F (73.5%) haplotype and less frequently, by haplotypes H
radiation hybrid Z0) and physicalZ1) mapping. For 21 of these (14.7%), G (2.9%), | (2.9%) and J (2.9%). In contrast)\E388
families, the D11S902-D11S921 haplotypes have been descrilvedtation was associated exclusively with haplotype K (sub-
previously B). Complete haplotypes were constructed for 47 ofaplotypes K.I, K.Il). Neither of these mutations were detected on
48 HI chromosomes and for 47 of 50 normal chromosomesormal chromosomes bearing the F, H, I, J or K haplotypes. These
Subgroups were determined by combining haplotypes that diffdata are consistent with the presence of at least two founder
by <2 bp at a single locus on the assumption that such differenadgomosomes for HI in Ashkenazi Jews.

are more likely to represent CA repeat slippage than different

mutation events2@). No recombina_tion Waslobserved bet}’veerbolymorphisms within the SUR1 gene

the HI locus and any of the four microsatellite marker loci (data

not shown). Tablé shows the haplotypes present on Ashkenah addition to the SSCP variants described above for exons 33 and
HI chromosomes and their corresponding frequencies on norn®d, band shifts were also detected for some probands and/or
chromosomes. Mutations within  SURL1 identified on Hicontrol samples on SSCP for exons 6, 12, 16, 18, 21, 27, 31, 33,
chromosomes are also indicated for each haplotype. A total of 38, 35 and 39 (data not shown). Nucleotide sequence analyses
different haplotypes were detected, with 11 present on Hévealed a total of 12 different point mutations within the SUR1
chromosomes (Tably. A single haplotype, F, was predominantgene which were classified as polymorphisms on the basis that
on HI chromosomes, accounting for 25 of 47 (53.2%) diseasieey: (i) do not modify the amino acid sequence of the protein; or
chromosomes and three of 47 (6.4%) normal chromosomes. T(iigresult in conservative amino acid substitutions in apparently
three most frequent F subgroups, F.I, F.Il and F.1V, which togetheon-highly conserved residues of the protein; or (iii) are present
account for 48.9% HI chromosomes, were not detected on non-6t normal chromosomes from the control Ashkenazi population
chromosomes. Two other frequent haplotypes, H and K, we(€able 2). To determine whether these polymorphisms created
detected on 10.6% and 19.1% of HI chromosomes, respectivadptential novel Sor 3 splice sites, Shapiro/Senapathy consensus
with corresponding frequencies on normal chromosomes of 2.19alues 23) were calculated for positions —3 to +6 for possible 5
and 10.6%. Together, haplotypes F, H and K account for 83.08plice site sequences (containing GT) and for positions —14 to +1
of the HI chromosomes and 19.1% normal chromosomes of tfa potential 3splice site sequences (containing AG). Consensus
parents studied. All other haplotypes were rare, occurring on oualues were calculated for all subsequences encompassing the
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Table 2.Polymorphisms within the SUR1 gene unpublished data). To date, only four mutations in the SUR1 gene
have been reported. In addition to the 3992-8@ndAF1388
mutations described here, we previously decribed a missense
mutation (G1479R) in exon 37 in a proband of Sephardic Jewish

slan origin (17), and a g- a transition at position —1 of thedplice site

T . i - of_in_tron 35 was reported for seven probands of Saudi_ Arabian

origin and one proband of German descént{owever, neither
e ls I, % el chirasaTas” of these additional mutations were detected, either by RFLP or
hicisc  waimi 60 e SR B SSCP analyses of exons 35 and 37, in the 25 Ashkenazi Jewish

families studied here (data not shown). The allelic homogeneity
sl WMl = M HBF-1 e described here for HI in Ashkenazi Jews presumably reflects the
b % w33 56 o . . ; e i relative isolation of this populatior?4) and has also been

observed for several other autosomal recessive disorders in
| STKT o M g 'rat] Mana Tm b

Ashkenazis, including Canavan dise&g6), Gaucher disease
e oA =g Pt Vel By MARI el chromosomes (27), Fanconi anemi&2@) and glycogenesis VIRQ).

At present, it is unclear whether the 3992-@gmutation has
a causal role in the disease process or is a polymorphism highly
b3 MR Rk . . : — associated with a disease causing mutation located elsewhere,
either within the SUR1 gene or a nearby locus. The effect(s) of
the 3992-9g.a mutation upon RNA splicing have been
eea¥ mdtitgea WM Vil-2 B ' saurn examined by transfection of a human glioblastoma cell line
(SNB19) with mini-gene constructs containing the exon 33 and
flanking exons of SUR1 inserted downstream from a RSV
promoter §). Comparison of cDNA products from wild-type and

k] o AR = IH Bgy b iln MEF-Y  noomol chomommer

R ] . ' ' HERreos

Nucleotide and codon positions are according to the full-length human
SURL1 cDNA sequence incorporating the alternative spliced form of exon 17

(GenBank accession no L78208; L78224). mutant constructs revealed that activation of three separate 3
bTm designates putative transmembrane domain. cryptic splice sites occur_red_ In_constructs containing the
Mutation was detected on HI and/or normal chromosomes. 3992-9g- a mutation, resulting in a 7 bp addition or deletions of

20 or 30 bp. Consequent frameshifts associated with these

additions/deletions are predicted to result in deletion of the entire
putative polymorphism and varied from a minimum value oNBF-2 domain (Figl) (9). Although specific role(s) of NBF-2
0.214 (nt 4717g a) to a maximum of 0.731 (nt 1686t) for ~ remain to be elucidated, site-directed mutagenesis studies of
possible 5splice sites, and from 0.302 (nt 4123—-2%to 0.829  NBF-2 in which G1479 was replaced with R have shown that
(nt 3822g- a) for 3 splice site consensus values. However, iMgADP stimulation of Krp channel activity occurs through
each case the consensus values for the mutated sites were Id¥egling in this domain(7). Deletion of NBF-2 in 3992-9ga
than values calculated for the normal site (data not showrglleles may, therefore, not only prevent binding of ATP to NBF-2
suggesting that novel &r 3 splice sites are unlikely to be createdbut may also abolish responsiveness of SUR1 to MgADP.
by the polymorphisms identified here. Nonetheless, the possibilijnresponsiveness to MgADP is predicted to result in a net
that some of the identified polymorphisms either augment deduction of channel activity at any ADP/ATP ratio, a hypothesis
ameliorate the deleterious effects of familial hyperinsulinisnéonsistent with the loss of regulation of glucose-induced insulin
mutations upon Krp channel activity and insulin secretion cannotsecretion observed in the HI disease phenoty/pe Although

be excluded at present. cryptic spice site activation was demonstrated in transfected
glioblastoma (SNB19) cell9) it is unknown whether such
DISCUSSION aberrant RNA splicing of 3992—9¢a mutant alleles occurs in

islet 3-cellsin vivoin the HI patients studied here. Formal proof
The sulfonylurea receptor (SUR1) is involved in nucleotid®f cryptic splice site utilization will require isolation and
regulation of Kxrp channel activity and is, therefore, a centranucleotide sequence analyses of SUR1 cDNA from affected
component in the mechanism of glucose-regulated insulprobands possessing the 3992-2gallele.
secretion in pancreatic isigtcells (L3,14). In this study, 25 HI Intrafamilial variation in disease phenotype was observed for
patients of Ashkenazi Jewish descent were screened fame family in which the proband, who was homozygous for the
mutations in the SUR1 gene and specific haplotypes associa®@P2—-9g-a mutation, had two unaffected haploidentical sibs
with identified mutations were defined. Two common mutation§data not shown). However, both unaffected haploidentical sibs
associated with HI in this population were identified, a novelere large for gestational age (H. Landau and B. Glaser,
deletion of F1388 in NBF-2 and a previously described pointnpublished data) and it is possible that these children exhibit(ed)
mutation at position —9 of thé §plice site of intron 32]. The  subtle defects in regulation of glucose-induced insulin secretion.
3992-9¢g-a mutation, which is the most prevalent mutation irSuch variation in phenotypic expression has also been described
the SUR1 gene in Ashkenazis with HI, has also been previoudtyr a number of other autosomal recessive disorders including
detected in one proband of Saudi Arabian orignl( contrast, Gaucher diseasg?). The mechanism(s) underlying this variable
the AF1388 mutation, which accounted for 19% HI alleles, waphenotypic expression of Hl is unknown. Clinical heterogeneity
not observed in RFLP analyses of 50 non-Ashkenazi probandsofy be due to the effects of modifier genes (genetic background),
various ethnic origins and may, therefore, be associatedetabolic interferences and/or exogenous factors that modulate
predominantly with HI in Ashkenazi Jews (A. Nestorowiczthe expression of the HI phenotype. Alternately, if cryptic splice
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site utilization does occur in 3992-9@ mutant alleles in islet mutation represented by haplotypes F and H. It is possible that
B-cellsin vivo, it is feasible that some individuals may expresshese haplotypes represent independent origins of the
variable proportions of wild-type transcript sufficient to maintair8992—9g- a mutation and/or that this mutation is ancient, so that
phenotypically normal regulation of insulin secretion. multiple recombination events with normal haplotypes may have
A second common mutation identified in the Ashkenaziesulted in variant haplotypes. As 12 polymorphisms were
probands was deletion of the codon for F138Rb" efflux  detected within the SUR1 gene, construction of haplotypes using
measurements on intact cells expressing either Kir6.2/wild-tygbese intragenic RFLP markers as well as intragenic
SUR1 or Kir6.2AF1388SUR1 Krp channels revealed that microsatellite markers, may provide further insight into the
channel activity was impaired by th&1388 mutation (Figd).  origins of these chromosomes in Ashkenazi Jews. An additional
Both metabolic inhibition and addition of diazoxide increasefive distinct haplotypes (A—E) were observed on single Hli
efflux in COSm6 cells expressing wild-typexté channels chromosomes for which no mutations were defined within the 39
whereas cells expressing Kir@\E1388SUR1 channels were exons of the SUR1 gene. These haplotypes may represent
unresponsive to diazoxide and, similar to untransfected COSragparate mutational events or rearrangements of more common
control cells, showed reduced efflux in the presence of metabotiaplotypes by an ancestral recombination event. Assuming that
inhibitors. These data were obtained for intact cells and thus, arép variation are more likely to represent CA repeat slippage than
predicted to be representative of the activity of the maf®#88  different mutation event2g), we estimate that there may be in
Karp channel in pancreatf-cells. However, we have not yet the order of five additional mutations in this Ashkenazi patient
resolved whether thé&F1388 Kyrp channel is completely cohort that remain to be identified. These mutations may be
inactive or is unable to respond to changes in MgADP, gyesent within the exon sequences or flanking intron—exon
demonstrated for other mutations in NBF1Z)( Amino acid boundaries screened here but were undetected by SSCP analyse
alignments of SUR1 NBF-2 with other members of thedr may be located either within intronic sequences and/of the 5
ABC-superfamily indicates that residue 1388 is usually non-pol&r 3 untranslated regions of the SUR1 gene which have not yet
in nature but that the primary structure is not strictly conservefieen analyzed.
with some members of this protein family containing L (cystic In summary, we have established that HI in Ashkenazi Jews is
fibrosis transmembrane conductance regulator; CFTR), gssociated with two frequent mutations within the SUR1 gene.
(P-glycoprotein multidrug resistance protein family; MDR) orldentification of additional mutations in HI and characterization
V(MDR) at the homologous positio@. Amino acid residue Of their effects upon the structure and properties of thi3istelt
1388 is located two residues downstream from the Walker Katp channel may provide further insight into the structure—
consensus sequence in NBF-2 and resides in a flexiignction relationship of the SUR1 protein, the mechanism of
cytoplasmic loop predicted to protrude from the core-nucleotid@sulin exocytosis in islei-cells and the molecular and cellular
binding fold (Fig.1) (10-12,30). A conserved sequence (linker) mechanisms underlying familial hyperinsulinism.
motif located within this loop has been proposed for other
members of the ABC protein family to couple, presumably via IATERIALS AND METHODS
conformational change(s), the energy of ATP hydrolysis to
transport or activity of the proteir8@). Three-dimensional Families

modeling of a number of ABC proteins has shown that the CO tota) of 25 Ashkenazi Jewish families were ascertained from
nucleotide-binding fold composed of Walker A and B motifs hagrae| and the United States. Twenty-one of these families have
a strict requirement for a particular conformation rather thageen described previousB) @nd an additional four families were
primary structure to maintain binding and hydrolysis of ATRecryited from Israel for this study. Consanguinity was present in
(11,31). Itis possible that deletion of F1388 disrupts the requisii@ree families on the panel in which the parents within each family
tertiary structure of the nucleotide-binding pocket, perhapgere related to a common distant ancesiprQlinical diagnosis
preventing binding of ATP orADP and/or alters the conforma_'uoef HI was based on the following criterig34,35): hypoglycemia
and function(s) associated with the conserved cytoplasmic linkgfth increased glucose utilization in infants that are large for
motif in SUR1. Patch-clamp experiments on cells co-transfectefstational age and the combination of inappropriately elevated
with Kir6.2 andAF1388SUR1 cDNA constructs may provide serum insulin levels, low plasma ketones and brisk response to
further information regarding the effect(s) of tA1388 glucagon injection. For this study, probands were classified as
mutation upon the properties of therik channel. Further studies  Ashkenazi Jewish when both parents were descended from easterr
are also needed to determine whether AR@388 mutation Eyropean ancestors (Germany, Czechoslovakia, Poland, Romania,
disrupts post-translational processing of the SUR1 protein, as hggngary, Ukraine, Russia or the Baltic States). Genomic DNA from
been described for deletions of certain amino acids within thgobands and their families was isolated from Epstein-Barr virus
cytoplasmic loop of NBF-1 in CFTRZ,33). o (EBV)-transformed lymphoblasts or from peripheral blood
Extended haplotype analyses revealed associations betwggfiphocytes using standard procedures. Genomic DNA from 89
the AF1388 and 3992-9ga mutations in SUR1 and specific ynrelated, normal Ashkenazi Jewish individuals was kindly supplied

haplotypes (Tabl&). Although only a small number of probandspy Dr D. Abliovitz (Department of Genetics, Hadassah Hospital,
with theAF1388 mutation were identified, the data suggest thgerusalem).

this mutation may be associated exclusively with the group K

haplotype, a finding consistent with a single origin of thi :

mutation. In contrast to th&sF1388 mutation, the 3992-9@ SscP analysis

mutation was observed in the context of five (F, G, H, I, Jror SSCP analysis, individual exons and adjacent intron—exon
different (i.e. haplotypes that differ by >2 bp at one or moréoundaries were amplified by the polymerase chain reaction
markers) haplotypes, with the majority of alleles carrying thi$PCR). Oligonucleotide sequences for SSCP were complementary
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Table 3.0ligonucleotide sequences, annealing temperatures and PCR product sizes for SSCP analysis of SUR1

REBGH FRIMER, SEGUTNCS ANNEALDNG | FrAGMENT
FORWARD REVHRSE TEMPIT) | TR |
1 OO OO DGO AGCT A FLCCC TG TOCGCGRC T [ Far]
Mesel | PCATGCACTOTCTTOCTCOTC:Y FOCTOIAGCABATTCACTTTC-Y -] E
Exsed  |FOOOCATOCTITCTOTTICTE-Y FAACTOOOCCTCC T TA-T ] L]
] OTACACACKTONTRCAC ACADGY FLAGRACNTAGOC A ADOCTCT-Y -] o
Base’ | FOlALAATTIOACTTACOEATON-1 L ATTAA TAA TOOTOTOCTET-T ] 18
6 PPOTOAATTADCOCTCAGOCACY FOTATETACACMITOOCTTAS-T &0 Ea ]
7 TCATTTIOCTOOTCAATEALY ST T AT A ATTOAL-5 £ 5%
fmaa @ |5 TG TGRATOA TORAGAATE.T ATTTOGT TG TOATTCCTOCTO" m W
Exsad | FAACADOOATTTTOCCADCACY SHOTA DA DAL AR A £ EC
1 AT TGS Y SCTCTCCTTGCA TG TACGOAGT - pL
Eess Il |- ACOCTOCTODCACTAAAS-Y A AT AT i 135
Bxas 11 | PCACCTTGRO TG FUCATCACTCOADCAMDOCTTI-3 L] Fun
Tzam 1 CrreLr CTGCTICC Y PTGCTRRAATTADCAAFOIR0A-T =1 ur
o i P TOCTCALCTOCASACTACCC.T PGAGTARITGOTCANTAAATGEY -1 12
Brom 1 | FOO0AACTOOCTOOCTTTCTO-Y TAGT AT TCA AT AL AT Y m 38
Brom b4 | FOORRCOCACTOACA T Y TGGAGEATOTTTAAAAGRAGATT.3 ] fo s
Bsas 17 IO AACTAS CTBOTOY SCTTCTGACOOCAGTIDC AT - 1n
Eics: BE [T AOMDCTCATTATOOCTTTON-T A TO PO T T oG- 5 4
Bxaa I | PaOAGARCANGOCTTOADALTOOLY FAOTTCCTCCOCTOCACATOD Y 1] E
Brae 2 | PTGCTOGOHGRIC AN CTCTRA LT PTG TCC TR CTT TR AL 1] 150
inaw 31 A TOATO T TOCTOETCT- Y TGO CA GO A G A DA CT AT ] 15
Esss Xl |SLUTACCOTCTACTCTCTTON-Y FCTIONTCTATADOCTOADNE-Y ] i
Brea @ | P ATTTOAGTGAG ALAGREATOTE FCTTGROCATOCCTOATAT-Y =] B
Exan COATATATOC AL GACATIOOC Y P AGGOCATANTTTCACTCCCA Y ] 1
Exee 1S | T TOATTCACOCTCAGAMMIAT-F FLATTTOC AT IO AT ] 4
a3 FGAGAACATTORACTTGOTOALY 2 30
Faes 71 [P TOAATOACTOCATAIACACTTA-T SN AT ALT- 3 ] Hy
Bz 2§ ¥ TADCAS THETACACTASACTOR Y ] 138
Bass 3 [T ATTCACCCACACADOOOTA-Y S DA A DOTITECTTO Y ] HE
Timan Eﬂﬁmr FATCCTATCOTCTCTTTCATOY 1] E
Pz 3 T TGO A TR AT ARG i e
iz | SCTTOIACTCTTOCO AL ] 10
Bzan 11 T AGCATTGETTIGEGOCOG T 4] =
Exes M (T xS L ACTOCTHOOOCTOCTETCAT-Y 5 4
Brondf | FOOTCAGACATONCAGRNGY TRATCTGATHRRAACTGAGCCT 7] fatt
Bz M | PACCCTOCTCCCTOCTACTGRN SUTCCTTOADTOCTTAADD-Y -] 193
Beem ¥ (9 ATOOCATCTOCTOCACTOAS A ATCOCACTAAADCTTTTOC ALY e =
Exss ) | FOCAGROCAOACTOCATODAC 5 FOCADOCTASACTOCATOCAC-Y -] 153
s 15 Ihmmmmmr TG AT HETCOGANT. 2] i

to flanking intronic sequences (G. Gonzalez, L. Aguilar-Bryan antill0—366 bp. Primer sequences and annealing temperatures for
J. Bryan, GSDB accession nos L78208- L78222, L78224-1 7824anplification of each exon are listed in TalBleExons are
L78254, L78255) and were dgsed to generate PCR products ofnumbered in consecutive order from thed of the gene. For
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exon 25, the 366 bp PCR product was digested with the restrictionthe analyses. Control allele distributions were drawn from the
endonucleaseRsd prior to electrophoresis through non- non-carrier chromosomes within the same families.
denaturing gels. Genomic DNA (50 ng) was amplified by PCR in
a 10upl reaction containing: 10 pmol each primer, 0.2 mM eacl|zsmid constructions
dNTP, 1.5 mM MgGJ, 10 mM Tris—HCI (pH 8.0), 50 mM KCl,
1.0 UTagDNA polymerase (Gibco) andiCi [a-32P]-dCTP. For  Construction of the plasmids (i) pCMV-Kir6.2, expressing full-
amplification of exon 1, the reaction mix included 5%length murine Kir6.2, generously provided by Dr Susumu Seino
formamide. Amplification conditions were an initial denaturatior(Chiba University, Japan) and (ii) pECE-SUR1 expressing full-
at 94 C (4 min); followed by 30 cycles of 9& (1 min), optimal  length hamster SUR1 cDNA, have been described in detail
annealing temperature (1 min) and®@2(1 min). Amplified elsewhere X0,13). F1388 was deleted from wild-type hamster
samples were diluted two-fold with formamide buffer (95%SUR1 using an overlap PCR strategy. Briefly, complementary
formamide, 10 mM EDTA, 0.1% bromophenol blue, 0.1% xylenéutant oligonucleotides missing the phenylalanine codon (F) codon
cyanol), denatured at 9@ for 5 min and chilled on ice prior to and two flanking primers were synthesized. The outside primers
electrophoresis. PCR products were analyzed on gels containftagked unique restriction sites in the pECE-SUR1 plasmid. Two
a 1/4 dilution of GeneAmp gel matrix (Perkin-Elmer) andPCR products with a 20 bp overlap spanning the desired deletion
0.5xTris—borate—EDTA (TBE), with or without 10% glycerol. were amplified using () the forward mutant primer
Electrophoresis was done at 10-30 W for 5-12 k@bt room  (5-AGTCCTCCTCCCTGGCCTTTTTCCGB with the down-
temperature (RT) and gels were exposed to Kodak X-OMAT filrstream outside reverse primef-C&TAGAGGATCCAGACAT-
for autoradiography. GA-3) and (i) the forward outside primer 'BT-
CATCTCCTATGTCACACC-3) and the reverse mutant primer
(5-AAAGGCCAGGGAGGAGGACTTCCCG-3, respectively.
Identification of mutations Amplification was done witiTaq DNA polymerase (Perkin-

_ _ ) ) Elmer) for 30 cycles of 94 for 1 min, 58C for 1 min and 72C
Nucleotide sequence analyses to identify mutations were donefgi 1 min. The two resultant PCR products were purified by
patient samples exhibiting shifted bands relative to control samplggarose gel electrophoresis, mixed and re-amplified using only
on SSCP. Genomic DNA was amplified by PCR with primers usefle forward and reverse outside primers. The PCR product was
for SSCP analysis (Tablg). The resultant PCR products were digested with the restriction enzyn&sRI andNot, purified by
excised from 2% low melting temperature (LMP) agarose gelggarose gel electrophoresis and subcloned using standard
purified and directly sequenced by double-stranded DNA cycl@ethodology into pECE-SURI1L() following digestion with
sequencing (Perkin-Elmer) according to the manufactureriscaRl andNotl. The region amplified by PCR was sequenced to
instructions. Both strands of the PCR product were sequencgiésure no additonal mutations were introduced during

using PCR amplification primers end-labeled b amplification. The resulting plasmid is designated pECE-
For mutations that created or abolished restriction endonuclegge] 383SUR1.

sites, the presence of the mutation was verified by restriction

endonuclease digestion of PCR products with appropria 86D+ 125 A :

enzymes. To confirm the presence of the 3992-®gnd\F1388 E% cl)ltcc)llgt)uerﬁr,w *Rb* efflux and 124-glibenclamide

mutations, genomic DNA was amplified using SSCP primerg 9

(Table3) and the resultant PCR products were digested for 2 h witOSm6 cells were maintained in Dulbecco’s modified Eagle’s

Ncil or BseRl, respectively. Restriction digestion products wergnedium with high glucose (DMEM-HG) and supplemented with

analyzed by electrophoresis on 3% NuSieve (3:1) (FMQ0% fetal calf serum (FCS). Cells were co-transfected with

BioProducts) agarose gels and were visualized by staining WigTMV-Kir6.2 (5 pg) and either pECE-SUR1 (fg) or

ethidium bromide. PECE-AF1388SUR1 (jug) using DEAE-dextran as described
previously (3). Co-transfected cells were incubated for 12—-24 h

) with 88RbCl and assayed for efflux in the presence or absence of
Haplotype analysis diazoxide, metabolic inhibitors (oligomycin and 2-deoxy-D-glu-
cose) and glibenclamide as described in detail elsewti&is)

All available individuals within each family were genotyped With-, ansfected cells were photolabeled Wi-glibenclamide
the four di- and tetranucleotide repeat polymorphic marker; described previously@13).

D11S1397, D11S902, D11S921 and D11S1890. D11S1397 is distal
to the SUR1 locus but the relative order of D11S902—
SUR1-D11S921-D11S1890 is unknows{21). Haplotypes for ACKNOWLEDGMENTS
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