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Mutations in the Sulfonylurea Receptor Gene
in Familial Persistent Hyperinsulinemic
Hypoglycemia of Infancy

Pamela M. Thomas,* Gilbert J. Cote, Nelson Wohllk,
Bassem Haddad, P. M. Mathew, Wolfgang Rabl,
Lydia Aguilar-Bryan, Robert F. Gagel, Joseph Bryan

Familial persistent hyperinsulinemic hypoglycemia of infancy (PHHI), an autosomal re-
cessive disorder characterized by unregulated insulin secretion, is linked to chromosome
11p14-15.1. The newly cloned high-affinity sulfonylurea receptor (SUR) gene, a regulator
of insulin secretion, was mapped to 11p15.1 by means of fluorescence in situ hybrid-
ization. Two separate SUR gene splice site mutations, which segregated with disease
phenotype, were identified in affected individuals from nine different families. Both mu-
tations resulted in aberrant processing of the RNA sequence and disruption of the putative
second nucleotide binding domain of the SUR protein. Abnormal insulin secretion in PHHI
appears to be caused by mutations in the SUR gene.

PHHI is an autosomal recessive disorder
of glucose homeostasis characterized by
unregulated secretion of insulin and pro-
found hypoglycemia (1). The pathophysi-
ology of this disease remains obscure, but
in vitro studies have suggested a defect of
glucose-regulated insulin secretion in pan-
creatic islet B cells (1, 2). The PHHI gene
was assigned to chromosome 11p14-15.1
by linkage analysis (3, 4). Candidate genes
for this disorder include those involved in
the B cell glucose sensing mechanism and
in insulin secretion. Localization of PHHI
to chromosome 11p14-15.1 excluded pre-
viously mapped genes involved in B cell
function, such as the glucokinase, islet glu-
cose transporter, and glucagon-like peptide-1
receptor loci (5). We considered as a can-
didate the newly cloned high-affinity SUR
gene, a member of the adenosine triphos-
phate (ATP)-binding cassette superfamily
(6). The SUR protein is a putative subunit
of the B cell ATP-sensitive potassium
channel (K,1p), a modulator of insulin
secretion (7).

We used the fluorescence in situ hy-
bridization (FISH) technique to localize
the SUR gene on chromosome 11. Partial
complementary DNA (cDNA) clones that
constituted 3.8 kb of the coding sequence
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of the human homolog of SUR were ob-
tained (8) and were used for the analysis.
A specific hybridization signal was detect-
ed in 85% of metaphases at band 11p15.1
on both chromatids of the two chromo-
somes 11. No other hybridization sites
were detected.

Genomic DNA samples from affected
individuals from three families were ana-
lyzed by Southern (DNA) blot; human
cDNA (approximately four-fifths of full
length) was used as a probe. Because the
restriction fragment patterns of affected
and unaffected samples appeared to be
similar, major insertions or deletions of
the SUR locus were unlikely to have oc-
curred in the affected individuals (9). We
then used direct sequence analysis to
screen for small deletions, insertions, or
missense mutations. The first region eval-
uated was the putative second nucleotide
binding fold (NBF-2) of the human SUR
homolog (Fig. 1), which is the most highly
conserved region of the SUR gene (6). In
other superfamily members, NBF-1 and
NBF-2 have functional importance in the
control of channel activity through their
interaction with cytosolic nucleotides (10,
11). In cystic fibrosis, an autosomal reces-
sive disease caused by mutations in anoth-
er ATP-binding cassette member [the cys-
tic fibrosis transmembrane conductance
regulator (CFTR)], the more frequent and
severe disease alleles are located in the
regions of the two NBFs (12).

Mutational analysis was done on sam-
ples from 16 affected progeny of nine con-
sanguineous matings (13). Because of the
consanguineous matings and the autosom-
al recessive inheritance pattern of PHHI,
affected individuals were expected to be
homozygous by descent at the disease gene
locus (14). Sequencing of a cloned pan-
creatic cDNA product, isolated from an
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affected child of family 6, revealed a 109—
base pair (bp) deletion within the NBF-2
region of SUR, which corresponded to
skipping of exon x (Fig. 2, A and B). Such
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inclusion of a stop 24 codons later. The
splice sites of the skipped exon were eval-
uated at the genomic DNA level. A ho-
mozygous G to A point mutation was
found at the 3’ end of the skipped exon
(Fig. 2C). In other disorders, G to A point
mutations at this position have been ob-
served to result in skipping of the exon
containing the mutation (15). A recogni-
tion site for the restriction endonuclease
Msp I is destroyed by this base change,
which provides a means to confirm and
test for the presence of the mutation. Both
affected children of family 6 were homozy-
gous, whereas the parents and two unaf-
fected siblings were heterozygous for the
mutation (Fig. 2D). Preliminary semi-
quantitative analysis did not reveal SUR
mRNA in the pancreatic tissue sample
from the affected child of family 6; be-
cause this transcript was detected in nor-
mal pancreatic tissue samples under the
same conditions, the mutant mRNA may

be unstable (9).

Twelve other affected children (from
six families of Saudi Arabian origin and
one family of German origin) were ho-
mozygous for the G to A point mutation,
as demonstrated by loss of the Msp I rec-
ognition site. In all families, homozygous
loss of the Msp I site cosegregated with
disease phenotype, and in families 1, 2, 3,
and 5, the results of genotype analysis for
this mutation were in agreement with the
haplotype data (4). Direct sequencing of
polymerase chain reaction (PCR)-ampli-
fied genomic DNA from a representative
affected member of each family confirmed
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Fig. 1. Genomic organization and cDNA sequence of the NBF-2 region of the human SUR homolog.
(A) Genomic organization of the exons containing the NBF-2 region of the human SUR homolog (24).
Solid rectangles represent exons, which are arbitrarily labeled « through ¢ for identification. The
numbers between rectangles represent intronic sizes. Arrows indicate the relative positions of the
primers used in mutational analysis (23). (B) Nucleotide sequence and translation of the exons
containing the NBF-2 region of the human SUR homolog. The NBF-2 region is denoted by asterisks;
downward-pointing triangles indicate exon-intron boundaries. The x exonic sequence is underlined.
Abbreviations for the amino acid residues below each line are as follows: A, Ala; C, Cys; D, Asp; E, Glu;
F, Phe; G, Gly; H, His; |, lle; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gin; R, Arg; S, Ser; T, Thr; V,
Val; W, Trp; and Y, Tyr.

Fig. 2. Mutation of an exon in the SUR sequence encoding A B
NBF-2. (A) Schematic representation of NBF-2 exons B, x, and % @ w.E m F W

3, illustrating the normal (upper) and mutant (lower) RNA splicing et (cc cac. arc co [ FE Y F
pattems and predicted cDNA sequences. The amino acids (ab- __
breviated as in Fig. 1) provide the reading frame. The base within
the solid circle denotes a point mutation. (B) Sequence of cDNA
identified as the predominant mRNA in the pancreas of an af-
fected child of family 6 (25). (C) Sequence of genomic DNA from
the same patient. Comparison with normal genomic DNA re-
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that all exhibited the homozygous G to A
mutation.

Two of the three children of family 4
had a mutation in the 3’ splice site se-
quence preceding the NBF-2 region (Fig.
3A). This G to A mutation destroyed an
Nci I restriction endonuclease recognition
site, and homozygous loss of this site co-
segregated with disease phenotype within
the family. Again, genotype analysis of the
members of this family supported the hap-
lotype data (4); both parents were het-
erozygous for the mutation and the unaf-
fected sibling was homozygous for the
wild-type allele (Fig. 3B). Because a pan-
creatic tissue sample from an affected
child of family 4 was unavailable and we
were unable to recover the SUR transcript
from transformed lymphocytes, a chimeric
construct was created to examine the ef-
fects of this mutation on RNA splicing
pathways (Fig. 3C) (16, 17). With the
construct containing the mutation, three
cryptic 3’ splice sites occurred in place of
the wild-type splicing pattern. These three
cryptic splice sites resulted in a 7-bp addi-
tion, a 20-bp deletion, or a 30-bp deletion
in exon a of the NBF-2 region (Fig. 3D).
In the autosomal recessive disorder 21-
hydroxylase deficiency, a similar intronic

Fig. 3. A mutation in the
intron preceding NBF-2
exon a activates cryptic
3' splice site usage. (A)
Sequence of genomic
DNA from an affected
member of family 4.
Comparison with normal
genomic DNA revealed a
G to A mutation in the
splice site preceding the
first NBF-2 exon. (B) Nci |
restriction enzyme analy-
sis of genomic DNA from c
members of family 4.
Solid symbols indicate
affected individuals. The
normal PCR product
was digested into 71-
and 75-bp fragments,
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3’ splice acceptor mutation also altered
the splicing pattern, produced several
cryptic splice products, and abolished nor-
mal protein activity (18). All PCR prod-
ucts prepared from the genomic DNA of
125 normal, unrelated individuals showed
normal Msp I and Nci I restriction pat-
terns; this finding indicates that neither
mutation is a common polymorphism
(19).

Qur results imply that the loss-of-func-
tion mutations in the NBF-2 region of the
SUR gene are a cause of familial PHHI.
The SUR protein would therefore appear
to have a central role in the regulation of
insulin secretion. According to current
models of insulin secretion, increases in
the intracellular ATP/adenosine diphos-
phate (ADP) ratio inhibit K, 1p channels
and lead to B cell membrane depolariza-
tion, the opening of voltage-gated calcium
channels, and, ultimately, an increase in
the exocytosis of insulin (20). Although it
remains unclear whether SUR has intrin-
sic channel activity (6), it is believed to be
closely associated with K, 1p channels in 8
cell membranes (21). We postulate that
mutations of the SUR gene that disrupt
NBE-2, or lead to the production of little
or no full-length protein, result in inap-
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fected sibling in this family had two wild-type alleles (4). (C) Constructs

used to examine RNA processing of exons within NBF-2 (26). Solid
rectangles and thin lines represent human SUR gene exon and intron
sequences, respectively. The unmarked solid rectangle represents a
portion of the exon that is 5’ to exon « of the NBF-2 region. Transcrip-
tion was driven by the enhancer and promoter isolated from the Rous
sarcoma virus (RSV) long terminal repeat. The thick line represents an
intron sequence derived from the vector and the third exon of the
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human metallothionine llA gene (hMT-3) with polyadenylation signals

(A, polyadenylation site). Normal and mutant RNA splicing patterns, including the locations of the three
cryptic splice sites, are diagrammed in the lower portion. The open triangle marks the position of the
mutated base within the splice site. Arrows indicate the relative positions of the primers (23). (D) PCR
amplification across the splice sites of normal (N) and mutant (M) cDNA sequences isolated 48 hours after
transfection with the splicing constructs; C, control cDNA amplified from untransfected cells. Subcloning
and sequencing of these products revealed their identity as diagrammed in (C).
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propriately low K ,1p channel activity and
excessive insulin secretion. The role of
SUR in other disorders of insulin secre-
tion, including some forms of diabetes
mellitus, remains to be determined.
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Induction of Apoptosis in Uninfected
Lymphocytes by HIV-1 Tat Protein

Chiang J. Li,* David J. Friedman, Chuanlin Wang, Valeri Metelev,
Arthur B. Pardee

Infection by human immunodeficiency virus-type 1 (HIV-1) is typified by the progressive
depletion of CD4 T lymphocytes and deterioration of immune function in most patients.
A central unresolved issue in acquired immunodeficiency syndrome (AIDS) pathogenesis
is the mechanism underlying this T cell depletion. HIV-1 Tat protein was shown to induce
cell death by apoptosis in a T cell line and in cultured peripheral blood mononuclear cells
from uninfected donors. This Tat-induced apoptosis was inhibitable by growth factors and
was associated with enhanced activation of cyclin-dependent kinases.

T ermination of the long latency of AIDS
in patients infected with HIV-1 is marked
by depletion of CD4 T cells. The mecha-
nism by which HIV-1 kills immune cells
remains unresolved (1), although a growing
body of evidence points to a role for pro-
grammed cell death, or apoptosis (1, 2).
Increased apoptosis of lymphocytes has
been detected in primate models of patho-
genic lentiviral infections but not in HIV-
l1-infected chimpanzees that do not devel-
op disease (2), suggesting that apoptosis is
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important in AIDS pathogenesis. Enhanced
apoptosis has also been observed in lymph
nodes of HIV-1-infected patients (1) and
in lymphocytes isolated from AIDS patients
3).

The basis of HIV-1-enhanced apopto-
sis is not understood (1-3). Apoptotic sig-
nals generated by the virus must also be
transmitted to uninfected cells, because
massive T cell destruction can occur in
HIV-1-infected individuals when only 1
in 1000 to 1 in 10,000 lymphocytes are
productively infected with the virus (4).
The mean production rate of HIV-1 viri-
ons in infected individuals was reported to
be 1.1 X 108 to 6.8 X 108 per day, which
was much less than the mean destruction
rate of lymphocytes (1.8 X 10° to 2 X 10°
per day) (5). Also, after administration of
an antiviral drug to infected patients, lym-
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Fig. 1. Apoptosis in Jurkat-Tat cells under low
serum conditions. Exponentially growing Jurkat
(A) and Jurkat-Tat-34 (B) cells were shifted from
10% to 0.1% FCS, harvested after 48 hours, and
subjected to flow cytometric analysis. Fractions of
apoptotic cells in control Jurkat cells and Jurkat-
Tat-34 were 9.0 *+ 0.7% and 73.7 * 11.4%, re-
spectively. (C) Cellular DNA was extracted and
subjected to electrophoresis on a 2% agarose gel
to detect nucleosome laddering (26). Lane 1,
Hela-Tat; lane 2, Hela; lane 3, Jurkat-Tat-42;
lane 4, Jurkat-Tat-44; lane 5, Jurkat-Tat-34; and
lane 6, Jurkat.

phocyte depletion increased at a time
when virion titer was still lower than prior
to treatment (5). Thus, destruction of the
infected cells by cytotoxic T lymphocytes
appears to be insufficient to account for
the observed death of T cells.

The viral envelope protein, gp120, has
been suggested to activate T cells and
prime them for apoptosis (6), although
several studies do not support this model
(7). We hypothesized that the HIV-1
transactivator protein, Tat, participates in
the induction of lymphocyte apoptosis
during infection. Several properties of Tat
are compatible with this idea: (i) it is
secreted by infected cells and has biologi-
cal activity on uninfected cells (8); (ii) it
is likely to accumulate locally in lymphoid
tissue where HIV-1 replication is active
even during clinical latency (5); (iii) it
appears to affect cellular gene expression
and function (9); and (iv) its role in
HIV-1 pathogenesis extends beyond its
transcriptional function (10).

Most lymphocytes in vivo are quies-
cent. We therefore investigated the effect
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