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Isolation of a cDNA Clone Encoding a KATP
Channel-Like Protein Expressed in Insulin-Secreting
Cells, Localization of the Human Gene to Chromosome
Band 21q22.1, and Linkage Studies With NIDDM
Meei-Ling Tsaur, Stephan Menzel, Fang-Pin Lai, Rafael Espinosa III, Patrick Concannon,
Richard S. Spielman, Craig L. Hanis, Nancy J. Cox, Michelle M. Le Beau, Michael S. German,
Lily Y. Jan, Graeme I. Bell, and Markus Stoffel

The metabolism of glucose in insulin-secreting cells leads to
closure of ATP-sensitive K+ channels (K ATP ), an event that
initiates the insulin secretory process. Defects in insulin
secretion are a common feature of non-insulin-dependent
diabetes mellitus (NIDDM), and the p-cell KATP that couples
metabolism and membrane potential is a candidate for contributing to the development of this clinically and genetically
heterogeneous disorder. We screened a hamster insulinoma
cDNA library by low-stringency hybridization with a probe
coding for the G-protein-coupled inwardly rectifying K+
channel GIRK1/KGA and isolated clones encoding a protein,
KATP-2, whose sequence is 90% similar to that of the recently
described KATP-1, an ATP-sensitive K+ channel expressed in
heart and other tissues. RNA blotting showed that KATP
mRNA was present in insulin-secreting cells and brain but
not in heart. To assess the contribution of KATP-2 to the
development of NIDDM, the human KATP-2 gene (symbol
KCNJT) was isolated and mapped to chromosome band
21q22.1 by fluorescence in situ hybridization. A simple tandem repeat DNA polymorphism, D21S1255, was identified in
the region of the KATP-2 gene, and linkage studies between
this marker and NIDDM were carried out in a group of
Mexican-American sib pairs with NIDDM. There was no
evidence for linkage between D21S1255 and NIDDM, indicating that KATP-2 is not a major susceptibility gene in this
population. Diabetes 44:592-596, 1995
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IDDM is an inherited disorder characterized by
defects in insulin secretion and insulin action in
peripheral tissues (1). The genes that cause several rare forms of non-insulin-dependent diabetes
mellitus (NIDDM) have been successfully identified by investigating candidate genes involved in insulin synthesis, secretion, and action. However, the major genetic causes of
NIDDM remain elusive. Recent studies have shown that
mutations in glucokinase, the first rate-limiting enzyme of
glycolysis in pancreatic (3-cells and hepatocytes, cause an
autosomal-dominant form of NIDDM called maturity-onset
diabetes of the young (MODY) (2). These results prompted
us to consider the possible role of more distal components of
the insulin secretory pathway in the development of diabetes.
ATP-sensitive K+ channels (KATP) in the fJ-cell couple
plasma membrane potential to the metabolic status of the
cell and may be important regulators of the insulin secretory
process. The electrical activity of the (3-cell plays a central
role in stimulus-secretion coupling (3). The resting potential
of the (3-cell is principally determined by the activity of the
KATP. When plasma glucose, the principal physiological stimulus for insulin secretion, rises, its uptake and metabolism by
P-cells is increased. As a consequence, the intracellular
ATP:ADP ratio increases, leading to KATP closure, membrane
depolarization, Ca 2+ influx through voltage-dependent Ca 2+
channels, intracellular Ca 2+ level increase, and insulin secretion (4). Because of its central role in translating the plasma
glucose concentration into insulin secretion, the (3-cell KATP
has been considered a prime candidate gene for contributing
to diabetes susceptibility (3,4).
KATP is an inward-rectifying potassium channel, which
suggests that it might be structurally related to other members of this new gene family (5-8). Ashcroft et al. (9)
recently reported the cloning and functional characterization
of a rat heart KATP. This gene, KATP-1, was expressed in heart,
brain, kidney, liver, spleen, lung, and thymus. It was not
detected in insulin-secreting cell lines when high-stringency
hybridization and washing conditions were used, but a band
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of a different size could be detected in islets, suggesting that
a related sequence may be expressed in this tissue.
Here, we report the cloning of a cDNA encoding a (3-cell
KATP (KATP-2) from insulinoma cells, the isolation of the
human gene, its integration into the physical and genetic map
of chromosome 21, and linkage studies between this locus
and NIDDM in a group of Mexican-American sib pairs.
RESEARCH DESIGN AND METHODS
cDNA cloning. A Syrian hamster insulinoma, HTT-T15 M2.2.2, cDNA
library in \gtll library (10) was screened by hybridization with a
32
P-labeled fragment of the G-protein-coupled inwardly rectifying K+
channel (GIRK 1) cDNA encoding amino acids 49-169 (including Ml,
H5, and part of M2) (8). Both strands of the cDNA (clone pKAB3) were
sequenced using overlapping oligonucleotide primers.
RNA blotting. Poly(A)+ RNA was obtained by phenol/chloroform
extraction and oligo(dT)-cellulose selection (11). RNA was fractionated
on a 0.7% agarose formaldehyde gel and transferred to a Nytran
membrane (Schleicher & Schuell, Keene, NH). The blot was hybridized
with the full-length 32P-labeled pKAB3 clone. Hybridization and washing
were performed as recommended by the manufacturer. RNA integrity
was confirmed by hybridization with a cDNA probe encoding rat
glyceraldehyde-3-phosphate dehydrogenase mRNA.
Isolation of the human islet KATP-2 gene. A genomic library in \FIX
II (Stratagene, La Jolla, CA, catalog no. 946203) constructed from
placenta! DNA isolated from a human male fetus was screened by
hybridization with the 32P-labeled 2.5-kb insert of Syrian hamster islet
KATP-2 cDNA clone pKAB3.
Chromosomal mapping using a somatic cell hybrid panel. The
chromosomal localization of the human islet KATP gene was determined
using the NIGMS human/rodent somatic cell hybrid mapping panel #2
(Coriell Institute for Medical Research, Camden, NJ) and polymerase
chain reaction (PCR) with oligonucleotide primers KC6-1F (5'-GCAATGATTGTGTTTGACCC-3') and KC6-1R (5'-GTCTTTGCTCTTTCCCACAA-3'), which generate a product of 144 bp. The reaction was carried
out in a volume of 30 |xl containing 50 ng of cell hybrid DNA; 10 mmol/1
Tris-HCl, pH 8.3; 50 mmol/1 KC1; 1.5 mmol/1 MgCl2; 400 |xmol/l of each
dNTP; 100 |xmol/l of each primer; and 2.5 U Taq DNA polymerase in a
GeneAmp 9600 PCR System (Perkin-Elmer/Cetus, Norwalk, CT). Initial
denaturation took place for 5 min at 94°C, followed by 35 cycles of
denaturation at 94°C for 1 min, annealing at 60°C for 1 min, extension at
72°C for 1 min 30 s, and a final extension step at 72°C for 10 min.
Fluorescence in situ hybridization. Human metaphase cells were
prepared from phytohemagglutinin-stimulated peripheral blood lymphocytes. Fluorescence in situ hybridization (FISH) was performed as
described previously (12). Biotin-labeled A.hKC-6 DNA was prepared by
nick translation using biotin-11-dUTP (Enzo, New York, NY). Hybridization was detected with fluorescein-conjugated avidin (Vector, Burlingame, CA), and chromosomes were identified by staining with 4,6diamidino-2-phenylindole-dihydrochloride (DAPI).
Isolation of yeast artificial chromosomes. The Centre d'Etude du
Polymorphisme Humain (CEPH) yeast artificial chromosome (YAC)
libraries were used in this study (13). The primary screening of these
libraries was performed by PCR analysis of DNA pools (Research
Genetics, catalog nos. 95011 A and B) using primers KC6-1F and
KC6-1R described above. Recombinant yeast clones were cultured in
100 \x\ of AHC medium (22) and grown for 3 days at 30°C. Cells were
then washed twice in 50 mmol/1 EDTA, pH 8.0; resuspended in 40 (xl of
a solution of 20 mmol/1 Tris-HCl, pH 8.0, 10 mmol/1 dithiothreitol, and
1,000 U of Lyticase (Seikagaku America, Rockville, MD); and incubated
for 1 h at 37°C. After completion of spheroplasting, 60 |xl of a 140 mmol/1
NaOH solution was added. This solution was incubated for 10 min at
room temperature and neutralized by addition of 60 |il of 1 mol/1
Tris-HCl, pH 8.0. This solution was stored at -20°C, and 1 |xl was
typically used for PCR amplification.

transferred to a nitrocellulose membrane by capillary blotting. The YACs
were identified by hybridization to 32P-labeled human DNA.
Genotyping. Primers D21S1255-A (5'-GCTGCATGTTTGCCTGGA-3()
and D21S1255-B (5'-AGCTCTTTATTTTGCCACATAG-3') (14) were used
for PCR genotyping. The PCR was performed using 32P-labeled
D21S1255-B and unlabeled D21S1255-A. The reactions were carried out
in a volume of 10 |xl containing 10 ng of DNA, 10 pmol of each primer,
50 mmol/1 KC1,10 mmol/1 Tris-HCl (pH 8.4), 2.0 mmol/1 MgCl2, 200 p,mol/l
of each dNTP, and 1 U of Taq DNA polymerase in a GeneAmp 9600 PCR
system. DNA was denatured at 94°C for 5 min, followed by 30 cycles of
denaturation at 94°C for 30 s, annealing at 60°C for 30 s, and extension
at 72°C for 30 s with a final extension step at 72°C for 10 min.
Linkage studies. Evidence for linkage between D21S1255 and NIDDM
was assessed using nonparametric affected sib pair methods (16,17). The
method of analysis described in Bishop and Williamson (16) is an
identity-by-state (IBS) approach in which the observed IBS distribution
is compared with that expected under no linkage, whereas the method
described in Holmans (17) compares the identity-by-descent (IBD)
probabilities estimated for these data with those expected on the basis
of no linkage. The study population was a group of 263 MexicanAmerican sib pairs with NIDDM from Starr County, Texas (18). Individuals were classified as having NIDDM if they had an age of onset greater
than 30 years of age and were currently taking blood glucose-lowering
medications (or had taken such medications for at least 1 year).
Individuals who were diagnosed with diabetes before age 35 and who
had taken insulin continuously since diagnosis were excluded. The IBS
and IBD analyses are very sensitive to the allele frequencies assumed for
the marker. For both analyses, allele frequencies were estimated from
the sib pair data using the computer program SPLJNK (17).
RESULTS
Isolation of a cDNA clone encoding a P-cell KATP protein (K ATP -2). A Syrian hamster insulinoma cDNA library
was screened by low-stringency hybridization with a 32 Plabeled fragment of GIRK1, a member of the inward-rectifying family of K+ channels. Four hybridizing cDNAs were
obtained. One clone, pKAB3, contained a 2.5-kb cDNA insert
encoding a KATP-like protein. Alignment of the predicted
amino acid sequence showed that the sequence of the K+
channel encoded by pKAB3 was 71% identical to rat heart
KATP-1 (4), 73% identical to human KATP-1 (9), and 52%
identical to GIRK1 (8) (Fig. 1). When conservative amino
acid substitutions were considered, there was greater than
90% similarity between the sequences of KAB3 and KATP-1.
Based on this sequence similarity, we named clone KAB3
KATP-2. The sequences of the intracellular NH2- and COOHterminals of KATP-1, KATP-2, and GIRK1 are most divergent;
the functional significance of this is unknown. Interestingly,
amino acid 184, which is located in the second putative
transmembrane domain, M2, of KATP-2, is also an asparagine,
as it is in KATP-1, whereas it is aspartic acid in GIRK1 (Fig. 1).
This residue appears to be critical for voltage-dependent
gating (19, 20).

Tissue distribution of KATP-2 mRNA. RNA blotting
showed that KATP-2 mRNA was expressed in HIT-T15 insulinoma cells and brain, but unlike KATP-1 and GIRK1 mRNAs,
it was not detected in the heart (Fig. 2) (8,9,21). The KATP-2
cDNA probe hybridized to multiple transcripts, with similar
patterns in insulinoma cells and brain RNA. KATP-2 mRNA
could not be detected by RNA blotting in hamster liver,
spleen, or testis (data not shown).
Pulse-field gel electrophoresis and Southern blotting. High-molecular weight YAC DNA was prepared in low-melting point agarose Isolation of human KATP-2 gene. A human genomic library
plugs (14). YACs were separated from the yeast chromosomes by pulse was screened by hybridization with the Syrian hamster
field gel electrophoresis (PFGE) (1% agarose) using the CHEF Mapper KATP-2 cDNA clone pKAB3. Five clones were isolated: \hKC(Bio-Rad, Hercules, CA). Electrophoresis was carried out in 0.5 X Tris 4a, -4b, -6, -11, and -17. All clones shared Sac I and Xba I
boric acid EDTA buffer at 14°C, 120° angle, 6 V/cm voltage gradient, 60-s
pulse time for the first 15 h, and 60-s pulse time for the next 22 h. After fragments of similar size, suggesting that they contained
electrophoresis, gels were stained with ethidium bromide, depurinated overlapping regions of the same gene. To confirm that the
in 0.2 N HC1 for 20 min, denatured and neutralized for 30 min, and clones represented human homologues of hamster KATP-2, a
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FIG. 1. Amino acid sequence of hamster KATP-2. The amino acid sequence of KATP-2 was predicted from the sequence of pKAB3 (GenBank accession
no. U21937) and is compared with the sequences of rat and human KATP-1 (8) and rat GIRK1 (7). Dots represent gaps; dashes represent identities.
The two predicted membrane-spanning segments (Ml and M2) and the predicted pore region (H5) are boxed.

288-bp Sau3M fragment from \hKC-ll that hybridized with
pKAB3 was subcloned into pGEM-3Z (pKC-32) and sequenced (accession no. G02354). There was 99% amino acid
sequence identity between the human and hamster sequences (amino acid residues 118-213) and 84% amino acid
identity with the corresponding region of human cardiac
KATP-1 (9). Thus, XhKC-11 encodes human KATP-2. The five
genomic clones described above were screened for and
shown to lack repeated sequences of the form (AC)W, (AT)n,
(AG)n, (AAAT)n, (AAAG)W and (GATA)W.
Localization of human KATP-2 gene. The chromosomal
localization of the human KATP-2 gene (symbol KCNJ7) was
determined by analyzing its segregation in a panel of human/
rodent somatic cell hybrids containing different human chromosomes. These studies indicated that this gene was located
on chromosome 21 (data not shown).
The localization was also determined by FISH of biotinlabeled \hKC-6 DNA to normal human metaphase chromosomes without prior knowledge of the somatic cell hybrid
mapping results. Hybridization of this probe resulted in
specific labeling of chromosome 21 (Fig. 3). Specific labeling
of 21q22 was observed on four (14 cells), three (9 cells), or
two (2 cells) chromatids of the chromosome 21 homologues
in 25 cells examined. Of 88 signals observed (88 of 100 21q
chromatids from 25 metaphase cells were labeled), 1 (1%)
signal was located at 21q21, 53 (60%) signals were located at
distal 21q22.1, 33 (38%) signals were located at 21q22.2, and
1 (1%) signal was located at 21q22.3. Signals were not
observed at any other chromosomal site. We observed specific signal at 21q22.1 in a second hybridization experiment
using this probe. These results localize the KATP-2 gene to
chromosome 21, in distal band q22.1.

hybrid DNA. The STS was used to screen the three-dimensional YAC-DNA pools of the CEPH A and B libraries. Two
positive clones (806A11 and 938C8) were identified. The
reported physical location of YAC 806A11 in the YAC contig
of chromosome 21 (21) was consistent with our assignment
of the KATP-2 gene to chromosome band 21q22.1 using FISH.
The localization of the KATP-2 gene in the YAC contig
revealed two adjacent highly polymorphic dinucleotide re-

9.3
7.1
6.5
3.0
1.9 (GAPDH)

Isolation of yeast artificial chromosome clones. A sequence-tagged site (STS) for the human KATP-2 gene was
obtained by partially sequencing a 1.9-kb Xba I fragment
from XhKC-6 (GenBank accession no. G02354). The chromosomal origin of this STS, which is defined by primers KC6-1F
and KC6-1R, was confirmed by their specific amplification of
a 144-bp fragment from chromosome 21 in human/rodent cell
594

FIG. 2. Tissue distribution of KATP-2 mRNA. Poly(A) + RNA from
HIT-T15 cells (3 (ig), hamster heart (12 fig), and hamster brain (12 jig)
was blotted and hybridized with cDNA probes for hamster KATP-2 cDNA
and rat glyceraldehyde-3-phosphate dehydrogenase. The estimated sizes
of the major bands are shown on the right.
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TABLE 1
Analysis of linkage between D21S1255 and NIDDM in
Mexican-Americans
Alleles shared
IBS
Observed
Expected
IBD
Estimated
Expected

0
26
27
0
47.9
47.2

1
142
137
1
96.5
94.5

2
95
100
2
44.6
47.2

For IBS x = 0.46459 with 2 df, NS. For IBD x = 0.0 with 2 df, NS.
DISCUSSION
FIG. 3. Fluorescence in situ hybridization of biotin-labeled XhKC-6 DNA
to human metaphase cells from phytohemagglutinin-stimulated
peripheral blood leukocytes. The chromosome 21 homologues are
identified with arrows; specific labeling was observed at 21q22.1. The
inset shows partial karyotypes of two chromosome 21 homologues
illustrating specific labeling at 21q22.1 (arrow). Images were obtained
using a Zeiss Axiophot microscope coupled to a cooled charge coupled
device camera. Separate images of DAPI stained chromosomes and the
hybridization signal were merged using image analysis software (NU200
and Image 1.52c).

peat polymorphisms (D21S55 and D21S1255) (14) that we
estimate are within 0.5-1 Mb of the KATP-2 gene (Fig. 4).
Linkage studies. A group of 260 Mexican-American sib
pairs with NIDDM was genotyped with D21S1255 (Table 1).
There was no significant difference between the observed
and expected alleles shared, indicating that D21S1255 is not
linked to NIDDM since D21S1255 and the KATP-2 gene are
located on the same YAC and within ~500,000 bp of one
another (Fig. 4). Thus KATP-2 is not a major gene contributing
to NIDDM in Mexican-Americans.

0.01

0.01

642F9 (642)
729C6 (230)

662D2 (700)
H
1
1-

718E10 (510)

NIDDM is characterized by insulin resistance and p-cell
dysfunction (1). The defect in the p-cell involves diminished
glucose-dependent secretion of insulin, p-cell defects appear
to represent the primary defect in MODY, an autosomaldominantly inherited form of NIDDM with early onset (23).
The molecular basis for impaired P-cell function in the more
common late-onset form(s) of NIDDM is unclear. The ATPsensitive K+ channel of the p-cell is a major component of
the insulin secretion regulatory pathway since it determines
the resting potential of the p-cell and couples membrane
potential to glucose metabolism. As is glucokinase, p-cell
KATP is an excellent candidate for contributing to diabetes
susceptibility. Here we report the isolation of cDNAs encoding KATP-2. The expression of this protein in insulinoma cells
and its close structural homology to the heart ATP-sensitive
K+ channel (K^p" 1 ) suggest that this protein is the p-cell
KATP. Our genetic studies indicate that KATP-2 is not a major
factor contributing to the development of late-onset NIDDM
in Mexican-Americans. However, this result does not exclude a causative role of KATP-2 in other populations or other
forms of NIDDM, particularly early-onset forms of NIDDM
with predominantly p-cell function insufficiencies (23). Furthermore, genetic variation in KATP-2 may contribute to the
development of primary and secondary failure of sulphonylurea drugs in NIDDM (24).
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