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The human KCNJ9 (Kir 3.3, GIRK3) is a member of
he G-protein-activated inwardly rectifying potassium
GIRK) channel family. Here we describe the genomic
rganization of the KCNJ9 locus on chromosome
q21-23 as a candidate gene for Type II diabetes mel-
itus in the Pima Indian population. The gene spans
7.6 kb and contains one noncoding and two cod-

ng exons separated by ;2.2 and ;2.6 kb introns,
espectively. We identified 14 single nucleotide poly-
orphisms (SNPs), including one that predicts a
al366Ala substitution, and an 8 base-pair (bp)

nsertion/deletion. Our expression studies revealed
he presence of the transcript in various human tis-
ues including pancreas, and two major insulin-
esponsive tissues: fat and skeletal muscle. The char-
cterization of the KCNJ9 gene should facilitate
urther studies on the function of the KCNJ9 protein
nd allow evaluation of the potential role of the locus
n Type II diabetes. © 2000 Academic Press

Inwardly rectifying K1 (Kir) channels play a major
ole in controlling resting membrane potential and
nitiating action potentials. G-protein-activated K1

GIRK) channels constitute a subfamily activated by
ertussis toxin-sensitive G proteins (1). These GIRK
hannels play an important role in regulating heart
eat and neuronal firing rate. At present the GIRK
ubfamily consists of four different proteins encoded by
ammalian genes GIRK1/Kir3.1/KCNJ3 (according to

he most recent human locus nomenclature, see http://
ww.ncbi.nlm.nih.gov; (2, 3), GIRK2/Kir 3.2/BIR1/
ATP2/KCNJ6 (4), GIRK3/Kir3.3/KCNJ9 (4), and
IRK4/Kir3.4/CIR/KATP1/KCNJ5 (5, 6). An addi-

1 To whom correspondence should be addressed at Clinical Diabe-
es and Nutrition Section, Phoenix Epidemiology and Clinical Re-
earch Branch, National Institute of Diabetes and Digestive and
idney Diseases, National Institutes of Health, 4212 N. 16th Street,
hoenix, AZ 85016. Fax: (602)-200-5335. E-mail: ppermana@mail.
ih.gov.
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opyright © 2000 by Academic Press
ll rights of reproduction in any form reserved.
ional member of this subfamily isolated from Xenopus
ocyte is called XIR (7).
Only some genes encoding GIRK proteins have fully

haracterized genomic structures. Human KCNJ3 con-
ains 3 exons spanning an ;45-kb region (8) that has
een mapped to chromosome 2q24.1 (9). GIRK2 in the
ouse contains 7 exons and produces differentially

pliced transcript isoforms (10–12). Human KCNJ6 is
n chromosome 21q22.1-22.2 and consists of at least 2
xons (Ref. 13; Schoots, O., and Van Tol, H. H. M.,
npublished, GenBank Accession No. NM_002240).
CNJ5 has been localized to chromosome 11q24. The
ouse homolog, GIRK4, contains 2 coding exons and

ossibly noncoding exons encompassing the 59 and 39-
TRs (14). To date, only the KCNJ9 mRNA sequence
as been determined (Schoots, O., unpublished; Gen-
ank Accession No. NM_004983/U52152).
The human KCNJ9 protein is encoded by the KNCJ9

ocus that has been localized to chromosome 1q21-23
15). We have previously found that this chromosomal
egion is linked to Type II diabetes mellitus in Pima
ndians of Arizona with a LOD score of 2.6 (16), a
opulation with the highest reported prevalence of the
isease (17). The KCNJ9 locus is also a functional
andidate gene, since the ability of the encoded protein
o regulate membrane potential resembles the role of

ATP channels in glucose-induced insulin secretion in
ancreatic beta cells. The KATP channels consist of in-
ardly rectifying potassium channel subunits and sul-

onylurea receptors (18). Sulfonylureas, as treatment
f Type II diabetes mellitus, stimulate insulin secre-
ion by closing the KATP channels (19). The position and
unction of KCNJ9 as a candidate gene for this disease
n the Pima Indians led us to characterize its genomic
tructure as well as its expression in different human
issues.

ATERIALS AND METHODS

YAC and BAC library screening. We identified a YAC clone con-
aining the KCNJ9 gene, clone 891b7, by screening the Human
EPH B YAC Library (Research Genetics, Huntsville, AL) according



to the manufacturer’s instructions. Polymerase chain reaction (PCR)
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mplification was performed with the forward primer 59-CTG-
CTAATGACACGGTAGG-39 and the reverse primer 59-CTGAAC-
TGCGGACTAAGG-39. This YAC clone was used to determine exon/

ntron boundaries of KCNJ9. To avoid potential chimerism that is
ommon among YAC clones, we used BAC clones to sequence up-
tream of the gene. BAC clones containing the KCNJ9 gene were
dentified in the CITB Human BAC library, Release IV (Research
enetics) using the above primers. This library screening identified
positive BAC clones: 261F14, 567J5, 338E13, 440N13, and 317N23.
he first two clones were used for further study.

Determination of exon/intron boundaries. Primers designed from
he cDNA sequence (GenBank Accession No. U52152 or NM_004983)
ere utilized with Expand Long Template PCR System (Boehringer
annheim, Indianapolis, IN) to determine the exon–intron bound-

ries and intron sizes of KCNJ9 on YAC 891b7. The PCR and
equencing primers are listed in Table 1. Amplification conditions for
ragments larger than ;1 kb (except for exon 3) consisted of a
enaturing step for 1 min at 96°C, followed by 30 cycles of 20 s at
6°C, 30 s at 60°C, and 18 min with 10 s increments per cycle at
8°C, and a final extension for 10 min at 68°C. The genomic region
as sequenced using the Big Dye Terminator Cycle Sequencing kit
nd an ABI 377 sequencer (Applied Biosystems Division of Perkin
lmer, Foster City, CA). Cycling parameters for sequencing the

ragments were as recommended by the manufacturer, except for
ntrons 1 and 2 that required a primer annealing temperature
f 60°C.

Sequencing the putative promoter region. The region upstream of
he first KCNJ9 exon was sequenced directly using DNA from BAC
lones 261F14 and 567J5. Subsequent primers were designed from
he new sequences to cover a ;1.7 kb segment containing the puta-
ive promoter region. The BAC DNA was denatured for 5 min at
5°C, followed by 99 cycles of 30 s at 95°C, 20 s at 53°C, and 4 min
t 60°C. The sequencing primers are listed in Table 1. Unless oth-
rwise mentioned, the nucleotide numbering used throughout
his paper is based on the assignment of nucleotide A of the first
ranslation start codon (ATG) as 1, and the preceding nucleotide as
1 (20).

Identification of KCNJ9 polymorphisms in genomic DNA from
ima Indian subjects. The KCNJ9 gene was screened for variants
y sequencing genomic DNA from 8 diabetic and 8 nondiabetic,
ull-blooded Pima Indians who were not first degree relatives. The
ubjects are members of the Gila River Indian community who have
een participating in a longitudinal study of the development of Type
I diabetes. The genomic DNA samples were prepared from trans-
ormed lymphocyte cultures or peripheral white blood cells (21). The
utative promoter region was amplified using the Expand Long
emplate PCR System (Boehringer Mannheim) with a denaturing
tep for 1 min at 96°C, followed by 35 cycles of 20 s at 96°C, 30 s at
7°C, and 18 min with 10 s increments per cycle at 68°C, and a final
xtension for 10 min at 68°C. The fragment was sequenced on an ABI
77 sequencer (Applied Biosystems Division of Perkin Elmer) with
nternal primers (Table 1) according to the manufacturer’s recom-

endation with a primer annealing temperature of 57°C. The exonic,
ntronic, and 39-UTR regions were amplified and sequenced as de-
cribed above. All primers used are described in Table 1.

Expression analysis. KCNJ9 expression in a variety of human
issue-specific cDNA (Clontech, Palo Alto, CA) was determined using
T-PCR. Primers Kir 3FA and Kir 2R located in exons 2 and 3
espectively (Table 1) were utilized to minimize the possibility of
mplifying genomic fragments. These primers were used with a
ycling condition of a 3-min denaturing step at 94°C, followed by 40
ycles of 30 s at 94°C, 30 s at 60°C, and 1 min at 72°C with a final
xtension step for 5 min at 72°C. The expected 282-bp amplicon
roducts from cDNA were analyzed on a 1.2% agarose gel stained
ith ethidium bromide (Fig. 4).
303
ESULTS

To analyze the genomic structure of the KCNJ9
ene, we screened a human YAC library with primers
n the 39UTR. A clone containing the gene, YAC 891b7,
as used as a sequencing template to determine the
xon/intron boundaries. Comparison of the cDNA and
he genomic sequence showed that the gene consists of
ne noncoding exon, two coding exons, and two introns,
ncompassing an approximately 7.6 kb region (Fig. 1).
he 59UTR includes the short noncoding exon 1 (128
p) and part of exon 2. The protein coding sequence
1182 bp) consists of parts of exons 2 and 3. The exon–
ntron splice junctions adhere to the GT-AG consensus
equence of splice donor and acceptor sites in eukary-
tic genes (22).
To determine the sequence of the putative promoter

f KCNJ9, we identified BAC clones 261F14 and 567J5
hat contain the gene. As we sequenced ;1.7 kb of the
9 upstream region of exon 1 using these BAC clones,
e noted the absence of the first 16 nucleotides (nt) of

he published human cDNA (GenBank Accession No.
M_004983/U52152). We also observed that the imme-
iate genomic sequence preceding exon 1 did not con-
ain a consensus splice acceptor site similar to those
ound in introns 1 and 2. To determine if there was
ndeed an intron preceding exon 1, we performed Long
istance PCR using forward primers ending with the
6 nt sequence and various reverse primers in the exon
and putative promoter regions; these attempts did

ot amplify any PCR product. To establish if these 16
t are conserved in other species, the human cDNA
equence was aligned with sequences from mouse and
at (Fig. 2). Interestingly, the 59 sequence homology
mong the 3 species starts beyond the first 16 nt of the
uman cDNA sequence. This 16 nt sequence is also
bsent in known genomic sequences of other human
-protein-coupled inward rectifiers. The final genomic

equence that we obtained has been submitted to Gen-
ank with Accession No. AF193615.
The putative promoter region of the KCNJ9 locus
as analyzed for the presence of transcription factor

onsensus binding sites using MatInspector program
2.2 (23). The sequence directly upstream of the 59UTR
acks the canonical TATA and CAAT boxes that typi-
ally characterize mammalian RNA polymerase II pro-
oters, but contains a common enhancer element in

ukaryotic genes generally found near the transcrip-
ional start site of many TATA-less promoters that
inds the transcription factor PEA3 (24). We also iden-
ified several other consensus sequences for transcrip-
ion factors in this region (Fig. 3), including a beta-cell-
pecific transcription factor PDX-1 that regulates
xpression of the insulin gene (25), and transcription
ctivators of muscle specific genes: RSRFC4 (26) and
EF-2 (27).



t
g
I

p
c
n
t

TABLE 1

A

S

Vol. 274, No. 2, 2000 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
We screened the genomic region of KCNJ9 for poten-
ial polymorphisms by comparative sequencing using
enomic DNA from 8 diabetic and 8 nondiabetic Pima
ndians and identified 14 single nucleotide polymor-

Primers Used in Sequ

Primer Forward (F)/reverse (R)

mplicon primersa

Prom F1 F CAT GG
K-flank 3R R AAA ACT
Kir-1F F AGA AA
Kir-1R R GTA TGT
KFM1 F GCG CT
KRM1 R ATC TCG
Kir-3FA F GCT TCG
Kir-2R R TCT CGT
KFO1 F CAC GTC
KRO1 R GTT TCT
IRP-1A F GAA CTG
IRP-1R R CAT TGA

equencing primers
Prom F1 F CAT GG
Prom F2 F AGT TGT
Prom F3 F AGT TTG
Prom F4 F ACA TTT
Prom F6 F AGA CC
PMT F1 R CCT CCT
K-flank 4R R TGC CTG
K-flank 6R R ACA CAT
PMT F2 R TTC CAC
K-flank 3R R AAA ACT
Kir-1F F AGA AA
KFA1 F GTC CTT
KFA2 F AGG AA
KFA4 F TCG TTT
KFAP F GAT CTG
KFA3 F CAT ACC
KRA1 R GGG TC
KRA2 R CCT CCT
KRA3 R CTG CCA
Kir-1R R GTA TGT
KFM1 F GCG CT
KRM1 R ATC TCG
Kir-3FA F GCT TCG
KFB1 F GGA AT
KFB2 F TAG TGG
KFB3 F ACA AG
KRB1 R TGT CAT
KRB2 R ACC CTG
KRB3 R CTG CTC
Kir-2R R TCT CGT
KFO1 F CAC GTC
IRP-1A F GAA CTG
IRP-20 F GGT AG
IRP-63 F AAC CTG
IRP-1R R CAT TGA
IRP-1RA R CTG CAC
IRP-2 R CTG AAC
KRO1 R GTT TCT

a Amplicon primers were also used as sequencing primers.
b Annealing temperatures ranged from 56 to 60°C.
304
hisms (SNPs) summarized in Table 2. One SNP
hanges the 366th amino acid residue in the C termi-
us from Val to Ala. In a preliminary typing of addi-
ional 100 people, we also detected an 8-bp insertion/

ing the KCNJ9 Gene

equence 59–39b Primer location Size (bp)

AA ATC TTG AAA GC promoter 1935
CC CCA AGA ACC AG exon 1
GC GGT GTC TGC G exon 1 2578
TC GCG CAC GTT G exon 2
GT GGA GAA GGA TG exon 2 687
GG CTG ATA ACC AGC exon 2
CA CGG GAG ACG exon 2 2888
AA AGC TGG CAT AG exon 3
GT GCT GAC TCT GG exon 3 435
GA CTT GAG GTT CTG G 39 UTR
AT ATC GGA GGT G exon 3 1486
GG TTG AGT TTC TGG 39 UTR

AA ATC TTG AAA GC promoter
GC CAG GGG TTA GG promoter
CT CCT GTC TCT GC promoter
GG TTG TTT CTA GG promoter
TG TTG AAG GT promoter
GA CAA CTC AGA GC promoter
TT CAC AGA GTC AG promoter
CC TCA TGT CAT CC promoter
GC AAC CAG TCT GG promoter
CC CCA AGA ACC AG exon 1
GC GGT GTC TGC G exon 1
AT CTT GAG ATA GAG G intron 1
GG AAG CCC ATT GT intron 1

CT GCA TGA CCT GG intron 1
GC CTG GGT CTT intron 1
AG GCA GTT TCT CC intron 1
AT GGA ATG ATG TAC C intron 1
GG ACC TCA CTC AC intron 1
AT GCC CCA AAG intron 1
TC GCG CAC GTT G exon 2
GT GGA GAA GGA TG exon 2
GG CTG ATA ACC AGC exon 2
CA CGG GAG ACG exon 2
GT CAC TTG GAA TAG G intron 2
CC CGA GTT GGA AG intron 2
GG TGC CTT CAG AT intron 2
TG GTG ATG CCA ACC intron 2
GA TTT CCA ACT CT intron 2
GT GCA TAA GAG AG intron 2
AA AGC TGG CAT AG exon 3
GT GCT GAC TCT GG exon 3
AT ATC GGA GGT G 39 UTR
CA AGC TGA AGT GA 39 UTR
TT CCT GTC CTC AA 39 UTR
GG TTG AGT TTC TGG 39 UTR
GG TTG TCA GTT TG 39 UTR
TG CGG ACT AAG G 39 UTR
GA CTT GAG GTT CTG G 39 UTR
enc
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eletion polymorphism in the 39UTR of 4 subjects; this
utation does not appear to disrupt any known regu-

atory motif.
To determine the tissue distribution of the KCNJ9

ranscript, we performed RT-PCR in cDNA samples
rom various human tissues (Fig. 4). The expected 282
p fragment was seen in pituitary, small intestine,
estis, adult brain, fetal brain, fat, kidney, skeletal
uscle, smooth muscle, and pancreas. There was no

etectable expression in ovary, placenta, spleen, stom-
ch, thyroid gland, adrenal gland, heart, liver, and
ammary gland. Reaction using water as the negative

ontrol template did not produce any detectable band
data not shown).

ISCUSSION

The gene encoding the third human subfamily
f G-protein-activated K1 channels (Kir3.3/GIRK3/
CNJ9) resides on chromosome 1q21-23, where there

s a suggestive linkage to diabetes mellitus in the Pima
ndian population. Our genomic characterization of
his candidate gene revealed that the gene spans ;7.6

FIG. 1. A schematic diagram showing the genomic structure and s
he length of each region is expressed in nucleotides (nt). Solid and
espectively. The thin line at the genomic level represents the putat

FIG. 2. Homology alignment of human KCNJ9 cDNA (GenBank
ouse (AF130860 and U11860) and rat (L77929), at the beginning of

ottom 3 rows represent nucleotide homology to human KCNJ9 cDN
sed is taken from the GenBank files. The single nucleotide polymorp
nd underlined (position c.1356).
305
b region and consists of one noncoding exon and 2
oding exons separated by ;2.2 and ;2.6 kb introns,
espectively. The position of intron 1 is unique,
hereas that of intron 2 is exactly the same as in other

haracterized human G-protein-coupled inward rectifi-
rs (GIRK1, 2, and 4; 6, 8, 13). The size of KCNJ9
ntron 2 (;2.6 kb) is smaller than those of other mem-
ers of this family that have a range of 5.5 kb to over 20
b. The putative promoter region of KCNJ9 lacks both
he CAAT and TATA boxes that are usually present in
ammalian promoters utilizing RNA polymerase II

28). This characteristic is shared by the 59 flanking
equence of the human KCNJ3 gene (8), the only other
ember of the human GIRK family whose promoter

egion has been analyzed.
Since the KCNJ9 gene is a good candidate gene for

ype II diabetes in the Pima Indians, we have screened
his gene for potential polymorphisms in selected
roups of diabetic and nondiabetic subjects. In the ;10
b region that we screened, we found 14 SNPs. These
olymorphisms are currently being typed in a larger
roup of subjects.

ce junction donor and acceptor sequences of the human KCNJ9 gene.
tched boxes represent coding and noncoding regions of the cDNA,
promoter and intronic regions.

ession No. NM_004983) with cDNA from other mammalian species,
transcript and surrounding the Val366Ala substitution. Dots in the
Dashes indicate absent nucleotides. The cDNA numbering system
m that results in Val to Ala substitution in human sequence is bold
pli
ha

ive
Acc
the
A.
his
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FIG. 3. Potential transcription factor binding sites in the putative promoter region. Shaded areas may contain more than one
ranscription factor binding site. The different transcription factors are represented by lowercase letters placed above the first nucleotide of
heir consensus binding sites. A minus sign (2) after the transcription factor indicates that the consensus binding site is complimentary to
he shaded sense strand displayed in this figure. The bold and underlined nucleotides are SNPs found within this region. The R corresponds
o an A/G transition. The numbering corresponds with the nucleotide A, in the first ATG codon, as 1 and the previous nucleotide as 21, which
s not shown.
306
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The SNP that causes an amino acid substitution
366A lies in the highly variable cytoplasmic C termi-
us. Even though this domain is reportedly not in-
olved in heteromultimerization with other GIRK sub-
nits, the high variability content of this domain is
ostulated to determine the specific function of each
ubunit, such as the ability of GIRK1 to bind Gbg pro-
ein (29). The amino acid V366 is not conserved in
ther human GIRKs (30); in addition, the mouse and
at homologs of KCNJ9 have an Ala in this position
Fig. 2). These observations, coupled with the fact that
oth Val and Ala are hydrophobic amino acids, suggest
hat the substitution may not significantly alter the
unction of the protein.

FIG. 3—

TABLE 2

Polymorphisms in the KCNJ9 Gene

Region Position Surrounding sequences

romoter g.-3429 AGACC(A/G)TGATG
romoter g.-3370 TCCTG(G/A)GTTAA
romoter g.-2908 TATCC(A/G)ATGCT
ntron 1 g.-1956 TTTAC(C/T)TAGAT
ntron 1 g.-1933 GGAGA(G/A)TGAGA
ntron 1 g.-1725 CTCTT(C/T)CTGAG
ntron 1 g.-1702 TCAGG(G/A)AAGGA
ntron 2 g.1285 AAGGA(T/A)GTTGT
ntron 2 g.2112 GTGTC(T/C)CTTAT
xon 3 g.3703a GGGGG(T/C)GGGGG
9UTR g.4145 GACAA(T/C)TGGTC
9UTR g.4181 GAACA(C/T)CCCTG
9UTR g.4433 AAGGC(A/G)TGCAA
9UTR g.4728-35** TTCACA(TCACTGAT)TGGGTG
9UTR g.4793 AGGGG(T/C)ACCTG

a Polymorphism at position g.3703 causes an amino acid substitu-
ion from VAL-ALA.

b 8 bp insertion/deletion.
307
The four SNPs in the 39UTR do not reside in any
bvious consensus regions for mRNA stability, such as
n AU-rich element (31). The four SNPs in intron 1
re not located in any consensus sequences for hu-
an transcription factors in the Transfac database

http://transfac.gbf-braunschweig.de/cgi-bin/matSearch/
atsearch.pl). Of the two SNPs in intron 2, only one

position g.1285; sequence: 59-AACA/TTCCTTAATT-
CT-39) resides in a consensus binding site of a human
ranscription factor, namely N-Oct-3 or Brn-2, a
ervous-system specific factor that binds to the oc-
amer DNA motif (32). The actual binding of Brn-2 to
his site and its potential effects remain to be deter-
ined. The three SNPs in the promoter region do not

eside in any consensus binding site for human tran-
cription factors listed in the database.
In addition to identifying polymorphisms in the
CNJ9 gene, we also investigated the tissue distribu-

ion of its transcript. The KCNJ9 transcript appears to
e quite abundant in the brain tissue of both fetal and
dult humans. This is in accordance with several stud-
es reporting that the mouse and rat GIRK3 may be the

ost abundant subtype of the GIRK subfamily at least
n the brain (33–35). Other human GIRK family mem-
ers are also present in the brain, apparently at a
ower level than GIRK3 (30). GIRK subunits typically
unction as heterotetramers and have the potential
o regulate neuronal excitability in the central ner-
ous system, consistent with their expression in the
rain (30).
We also found KCNJ9 expression in pituitary, testis,

mall intestine, kidney, and smooth muscle. KCNJ9
ranscript was identified in major insulin-responsive
ites involved in the development of diabetes: fat and
keletal muscle, as well as pancreas, where the insulin-

ntinued
Co
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roducing beta cells reside. Interestingly, GIRK2 has
een found to be expressed in the pancreas (36), and at
east one function of GIRK3 has been proposed to be a
egative regulator of GIRK2 when both subunits are
oexpressed in Xenopus oocytes (37). Nevertheless, the
pecific functions of KCNJ9 in the different cell types
emain to be elucidated.

In conclusion, the KCNJ9 gene spans an ;7.6 kb
egion with one noncoding and 2 coding exons. We also
equenced ;1.7 kb region upstream of the gene into
he putative promoter region. The 14 SNPs and one
nsertion/deletion found in this gene should facilitate
urther association studies in different subject groups.
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