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The Down syndrome (DS} region has been defined by analyses of partial trisomy 21. The 2.5-Mb region between 
D21SI7 and ERG is reportedly responsible for the main features of DS. Within this 2.S-Mb region, we focused 
previously on a distal 1.6-Mb region from an analysis of Japanese DS patients with partial trisomy 21. Previously 
we also performed exon-trapping and direct cDNA library screening of a fetal brain cDNA library and 
identified a novel gene TPRD. Further screening of a fetal heart cDNA library was performed and a total of 44 
possible exons and 97 cDNA clones were obtained and mapped on a BamHI map. By rescreening other cDNA 
libraries and a RACE reaction, we isolated nearly full-length cDNAs of three additional genes [holocarboxylase 
synthetase [I-IC~, G protein-coupled inward rectifier potassium channel 2 (GIRK2}, and a human homolog of 
Drosophila minibrain gene (HI~iB}] and a coding sequence of a novel inward rectifier potassium channel-like gene 
URKIO. The gene distribution and direction of transcription were determined by mapping both ends of the 
cDNA sequences. We found that these genes, except IRKK, are expressed ubiquitously and are relatively large, 
extending from 100 kb to 300 kb on the genome. These nearly full-length cDNA sequences should facilitate 
understanding of the detailed genome structure of the DS region and help to elucidate their role in the etiology 
of DS. 

[The sequence data described in this paper have been submitted to EMBL/GenBank/DDBJ under accession nos. 
D86550, D86865-D86708, D87291, and D87327-D87328.] 

Down syndrome (DS) is the most frequent birth de- 
fect (1 in 1000 newborns) and is caused by trisomy 
21. Patients exhibit certain clinical features, such as 
mental  retardation, congenital heart defect, and dis- 
tinct facial and physical appearances (Epstein 1986). 
Recent studies of DS patients who showed a tripli- 
cation of only part of chromosome 21 (partial tri- 
somy 21) suggested the existence of a region that 
was essential for the pathogenesis of DS (Rahmani et 
al. 1989; Korenberg et al. 1990; Delabar et al. 1993). 
This region is called the DS region. The 2.5-Mb re- 
gion from D21S17 to ERG is thought  to be essential 
for the main phenotypic characteristics of DS (Dela- 

/Corresponding author. 
E-MAIL oohira@kazusa.or.jp; FAX + 81-438-52-3931. 

bar et al. 1993), although an association with other 
regions cannot  be excluded (Korenberg et al. 1994). 
The cloning and characterization of genes in this 
region are necessary for understanding the patho- 
genesis of DS. The physical map for this region is 
nearly complete (Patil et al. 1994; Ohira et al. 1996a; 
Osoegawa et al. 1996). Various efforts toward the 
construction of transcription maps, including an 
expressed-sequence tag (EST) collection (Chiang et 
al. 1995), cDNA selection (Cheng et al. 1994; Peter- 
son et al. 1994; Tassone et al. 1995), and exon- 
trapping (Lucente et al. 1995; Yaspo et al. 1995; H. 
Chen et al. 1996), are currently under way (for re- 
view, see Shimizu et al. 1995). 

Within this 2.5-Mb region, we focused on a 1.6- 
Mb region between a NotI site LA68 (D21S396, 
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which is mapped distal to D21S17) and ERG (see 
Fig. 1) from an analysis of a Japanese DS family 
with partial trisomy 21. The patients of the family 
had a der(4)t(4;21)(q35;q22.2) chromosome in ad- 
dition to two normal chromosome 21 (Korenberg et 
al. 1990), and the proximal border of their tripli- 
cated region was revealed to be distal to LA68 (Ohira 
et al. 1996a). This 1.6-Mb region has been tripli- 
cated in most of the patients with partial trisomy 
21 reported so far, and therefore it may be asso- 
ciated with the phenotypic characteristics com- 
monly exhibited by these patients (such as mental 
retardation, open mouth, and a flat nasal bridge) 
(Korenberg et al. 1990, 1994; Delabar et al. 1993). 
To make a transcription map of this 1.6-Mb re- 
gion, we constructed a P1 contig map (Ohira et al. 
1996a) and performed exon-trapping and cDNA 
library screening using the P1 clones. Thus far, 
by combining some of the cDNA clones and exons, 
we have identif ied TPRD, a novel  9-kb gene 
with unknown function (Ohira et al. 1996b). Al- 
t hough  many  genes have been ident i f ied in 
chromosome 21, only two genes other than TPRD 
have been localized in this 1.6-Mb region. One is 
the G protein-coupled inward rectifier potassium 
channel 2 gene (GIRK2), which has been reported 
to be mutated in the weaver mouse and to be lo- 
cated on the D21S55 locus in the 1.6-Mb region 
by Patil et al. (1995). They also reported a cDNA 
fragment  homologous  to the Drosophila mini- 
brain (mnb) gene located 175 kb proximal from 
D21S55. In this study we identified five genes, 
including these genes, in the 1.6-Mb region, iso- 
lated nearly full-length cDNA sequences, and deter- 
mined their distribution and direction of transcrip- 
tion. 

A TRANSCRIPT MAP OF THE DOWN SYNDROME REGION 

RESULTS 

Gene Identification by Direct cDNA Library 
Screening 

Most of the 1.6-Mb region could be covered with 28 
P1 clones. By direct cDNA library screening using 
these 28 P1 clone DNAs, we obtained a total of 97 
cDNA clones. Sixty-seven clones were isolated pre- 
viously from a fetal brain cDNA library (Ohira et al. 
1996b) and an additional 30 clones were obtained 
from a fetal heart cDNA library. These 97 cDNAs 
were ascertained to be derived from the P1 clones by 
hybridization to blots of BamHI-digested P1 DNAs. 
Single-run sequencing of these cDNAs was carried 
out and PCR primers were designed from both ends 
of the inserts. PCR analysis using genomic DNAs 
from human lymphocytes and a chromosome 21q- 
specific human-hamster  hybrid cell line was per- 
formed to detect chimeric cDNA clones (see Meth- 
ods). Although some of the primers were not appro- 
priate for PCR, probably  because of splicing 
junctions, repeats, or conserved sequences, four chi- 
meric cDNAs (two from the fetal brain library and 
two from the fetal heart library) were identified and 
excluded. 

Comparison of the end sequences allowed us to 
divide the 93 cDNA clones into four groups and 12 
solitary clones. Northern analysis using various hu- 
man tissue RNA blots showed that representative 
cDNA clones of the four cDNA groups (FB29-16, 
FB18-5, FH5-17, and FH4-3) detected four different 
types of transcripts of 6.5 + 9.0, 8.0 + 9.0, 6.5, and 
2.8 + 4.6 kb, respectively (data not shown). The re- 
maining 12 solitary clones could not detect any 
transcripts in this analysis. Characterization of these 
clones is described below. 

Figure 1 Gene distribution and location of trapped exons in the 1.6-Mb region. (a) Schematic representation of 
the 1.6-Mb region, four P1 contigs, and the identified genes. The Notl restriction map of the human chromosome 
21q22.2 region (Ichikawa et al. 1993) and DNA markers are shown at the top. Vertical bars indicate the Notl sites. 
In addition to Notl sites, BssHII and Eagl sites, identified in the region distal to LL390 (Ohira et al. 1996a), are also 
shown as B and E, respectively. Four P1 contigs (A-D) are illustrated below the Notl map. Genes are shown by thick 
arrows. SIM2 (Chen et al. 1995) and ERG (Reddy et al. 1987) are partly shown. (b) Location of trapped exons and 
gene distribution on the BamHI restriction map of the 1.6-Mb region. The restriction map is shown at the top. BamHI 
sites are represented by bars without a symbol, and Notl and Sail sites are indicated by bars with N and S, 
respectively. Identified genes and trapped exons are shown under the BamHI map. Colored horizontal bars indicate 
BamHI fragments hybridized by nearly full-length cDNA sequences and colored thick arrows represent the range of 
the identified genes. Circles indicate our trapped exons. Diamonds and squares indicate exons that were reported 
by Lucente et al. (1995) and by Chen et al. (1996), respectively, and identical to ours. Exon color shows the 
correspondence with the identified genes. P1 contigs (A-D) are shown under the restriction map. Under the P1 
contigs, the physical distance from the proximal end of a P1 clone $599 is represented by a thick line with 50-kb 
intervals. The proximal end of the ERG was determined. The ERG sequence was published previously by Reddy et al. 
(1987). PCR with 3' end primers of ERG indicated that these primers were contained in $166, T1526, and $230, but 
not in T1063. The 3' end of ERG was also mapped by hybridization to a 10-kb BamHI-Sall fragment of $230 P1 DNA, 
as shown. 
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To isolate longer cDNA sequences, we used an 
oligo(dT) primed and size-fractionated cDNA library 
of the human  immature myeloid cell line KG-1 (No- 
mura  et al. 1994). With  respect to the gene of 
8.0 + 9.0-kb transcripts, previously we reported the 
9-kb cDNA sequence that  we named TPRD (a gene 
containing tetratricopeptide repeat motifs in the 
Down syndrome region) (Ohira et al. 1996b). By 
screening the KG-1 cDNA library with FB29-16 
(6.5 + 9.0-kb transcript gene) and FH5-17 (6.5-kb 
transcript gene), we obtained kg-24 (6.5-kb insert) 
and kg-68 (4.5-kb insert), respectively. Considering 
the size of the cDNA insert, kg-24 was expected to 
cover most of the 6.5-kb transcript of the 6.5 + 9.0- 
kb gene. A cDNA that  extends to 9.0-kb has not 
been obtained. To isolate the remaining 5' cDNA 
sequence (-2 kb) of the 6.5-kb gene, we performed 
5' rapid amplification of cDNA ends (RACE) PCR 
(Frohman et al. 1988) using fetal brain cDNA with 
gene-specific primers generated from the 5' end of 
the kg-68 sequence, and obtained a 2.0-kb RACE 
product. Sequence analysis of these clones showed 
that the 6.5 + 9.0-kb transcripts and a 6.5-kb tran- 
script corresponded to the holocarboxylase synthe- 
tase gene (HCS) and a human  homolog of the Dro- 
sophila minibrain gene (MNB), respectively. Regard- 
ing FH4-3 (2.8 + 4.6-kb gene), subsequent analysis 
revealed that it was derived from chromosome 17 
and that the sequence on chromosome 21 might  be 
a pseudogene (data not  shown). Therefore, we iden- 
tified three genes (HCS, TPRD, and MNB) by cDNA 
library screening (Fig. 1). 

Gene Identification by Exon-Trapping 

We also carried out exon-t rapping using 24 P1 
clones from Tl147 to $166 (see Fig. 1). The 100 
clones that  were initially isolated were sequenced, 
and 52 independent  clones were obtained. After ex- 
cluding false clones that contained Alu repeats, a 
vector sequence, or an Escherichia coli sequence, 44 
possible exons remained and were mapped on the 
BamHI fragments of the original P1 clones (see Fig. 
1; Table 1). By comparison to the cDNA sequences 
described above, we found that five exons (E16-4, 
E16-5, E16-8, E18-1, and E18-10) were derived from 
the TPRD gene and one exon (E22-5) was from the 
MNB gene. In addition, a BLASTN homology search 
against the GenBank/EMBL database indicated that 
one exon (E13-25) was part of the known gene hu- 
man G protein-coupled inward rectifier potassium 
channel 2 (GIRK2). To isolate full-length cDNA for 
GIRK2, E13-25 insert DNA was used for screening of 
an oligo(dT) primed and size-fractionated cDNA li- 

brary of whole brain. A cDNA clone TB-2, whose 
insert size was 2.5 kb, was obtained. Because the 
E13-25 detected two transcripts of 2.5 + 4.5 kb by 
Northern analysis (Fig. 2), TB-2 cDNA might  have a 
nearly full-length sequence of 2.5-kb GIRK2 tran- 
script. 

In the homology search, E7-8 was highly ho- 
mologous to rat inward rectifier potassium channel 
proteins (Table 1). This result suggests that  E7-8 
might  be part of a novel potassium channel gene. By 
Northern analysis of multiple tissues, four sizes of 
transcripts (2.0 + 3.0 + 4.5 + 8.5 kb) were detected, 
especially in the lung, kidney, and pancreas, by E7-8 
(see Fig. 2). We performed a RACE reaction using 
kidney cDNA and obtained both the 5' and 3' RACE 
products. The 5' RACE product contained the E10- 
15 sequence, indicating that E10-15 was also part of 
the novel potassium channel gene. We designated 
this gene IRKK (inward rectifier K § channel from 
kidney) and performed a sequence analysis. Both 
RACE products were combined to an M.5-kb se- 
quence (RACE7-8). Thus far, no other exons have 
shown any remarkable homology. Therefore, we 
identified two potassium channel genes, GIRK2 and 
IRKK, by exon-trapping. 

Gene Characterization 

The sequences of four nearly full-length cDNAs [kg- 
24 (HCS), TPRD, kg-68 + 2.0 kb RACE produc t  
(MNB), and TB-2 (GIRK2)] and 5' and 3' RACE prod- 
ucts of E7-8 (IRKK) were determined. To elucidate 
the gene distribution in the 1.6-Mb region, we car- 
ried out hybridization of the cDNAs to BamHI- 
digested P1 fragments. In addition, to determine the 
directions of transcription, the 5' and 3' ends of the 
cDNA sequences were also mapped on P1 clones by 
PCR using end-specific primers. Figure 1 shows the 
results of these analyses. 

Known Genes 

The holocarboxylase synthetase gene (HCS), whose 
product catalyzes the biotinylation of four biotin- 
dependent  carboxylases, was reported previously by 
Suzuki et al. (1994) and Le6n-Del-Rio et al. (1995). 
The cDNA kg-24 (EMBL/GenBank/DDBJ accession 
no. D87328) had a 6465-bp insert and a poly(A) se- 
quence and, based on a comparison to published 
data, had an additional 1.1-kb sequence in the 5' 
noncoding region and a 3.0-kb sequence in the 3' 
noncoding region. The 3' end was on the P1 clones 
T1003 and T1335, which were just adjacent to the 
LL233 NotI site (Ohira et al. 1996a), and the 5' end 

50 @GENOME RESEARCH 

 Cold Spring Harbor Laboratory Press on June 13, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


o ~ 

o 
I~ ,,4 

o ~ ~ ,~ 
o , o o ~ 

Ill , i tg ~I' 

.~ "~, 

o,,t ~ 

0 

~-I ,r:l 

. - I  [ 

O 

o .~ ~ "~| 

~J IN 

I--4 -,4 

-,4 o I i i ~ ~ ~ , ,' i ~ ~ 
0 i I H t~ 

N o i I o 
,~ oo ;; " '4 

o ~ o  

i i i i i i i i i i i 

o o 

~, ~ , ~ i  ~,~,~ 

, o  o 
!0q .,4 

�9 1~  ~ �9 i ~  ~ m u  

�9 1~ O~  O! U �9 i 
I !  ",4 ~ ~ i  ~ ",4 1~ 

-,'4 0 i-I 

�9 ,.I | 

lip I ~  ~ I~ P~ ~ I~I m 

L""- ' ~  ~.-I 1"- r 
Ill ,"-1 t.~ O ,"g ~.-I O ,-4 
.IJ r ~"~ ~'~ L.D ("~ ,r"g {'4 

OO r CO CO CO 
~l CO .--I / ~ i  M I~ l I ~ l l  I ~ 

~ 0 c~ ug i. ~ 

~ ~ '  ~i 

. , 4  

-,4 .,4 -,-I I.cl -,-4 -,4 -,4 ~-,4 .,4 .,4 .~ 

I I I I I I I I I I I I I I i I i I I I I I I I 

W i ' N 

: r,. 0 

O ! ,.q O c".,1 ' ~C  

�9 . ~ ~ 

i i c~ �9 ~ I[I ~ ~ t~ o ~ 

co ,~  i..r u" 
,.-.I ,-,"~ ,,D ' 

Ir IM I  M M I  j M I~ I  I I I I I I~  N I  I ~ i  I1~1 I IM I  I M M I~<  

I~I IXl ng ~ ~ ~ 0n,~/) c~ ~ ~ I19 ill ~ lxl ~ 09 ~ i~ 

m 

~ ! o t~  tn u'~ kq u3 u'~ 

o o o ~  

I I I I 1 I ~1  ~ ~1~1  ~ ~1  ~ ~1~1  ~ ~ l~ l~ l~ l~ l~ l~ l  ~ ~ ~1  ~ ~ , : 

~ ~  ~ ~ ~ ~ . . . . . . . . .  ~ o  

oo oo oo oh ~o~o  r 1:o oo oo oo oo~o  r oh o,~ oo ~o ~ ~h ~ ~ ~ ~ ~ oO Co oOioO oO oO r oO oO oO oO IXI co oO o~ o~ O~ Oh <~ 

~ ~ ~ I ~ ~ ~ ~ ~  ~ ~ ~ ~  

I I l n l n l l  I 

~ o ~  o 
~ ~ , , ,  

G E N O M E  R E S E A R C H  @ 51 

 Cold Spring Harbor Laboratory Press on June 13, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


OHIRA El AL. 

Figure 2 Multiple-tissue Northern blot analysis of 
HCS, GIRK2, and IRKK. Inserts of the kg-24, TB-2, and 3' 
RACE product of IRKK were used as probes. The blots 
used are MTN made from multiple human tissue 
poly(A) RNAs (1, heart; 2, brain; 3, placenta; 4, lung; 5, 
liver; 6, skeletal muscle; 7, kidney; 8, pancreas; 9, 
spleen; 10, thymus; 11, prostate; 12, testis; 13, ovary; 
14, small intestine; 15, colon; 16, peripheral blood leu- 
kocyte; 17, fetal brain; 18, fetal lung; 19, fetal liver; 20, 
fetal kidney). The same blots were rehybridized with 
f3-actin cDNA. 

was on the P1 clone D47, and not on $599 or Tl147 
(Fig. 1). This suggests that this gene starts distal of 
the t(4;21) translocation breakpoint in Japanese DS 
patients with partial trisomy 21, covers a region of 
-160-200 kb, and is transcribed in a telomere-to- 
centromere direction. This result was in agreement 
with the mapping data recently reported by Blouin 
et al. (1996). 

The 9009-bp nucleotide sequence and physical 
mapping of the TPRD gene have been reported pre- 
viously (Ohira et al. 1996b). 

The human  homolog of the Drosophila mnb ser- 
ine/threonine protein kinase gene (MNB) has been 
suggested to reside in the 1.6-Mb region by Patti et 
al. (1995), and the nucleotide sequence and map- 
ping of this gene have been published recently by 
Guimer~i et al. (1996) and Shindoh et al. (1996). In 
our laboratory, a 6381-bp region of the MNB cDNA 
sequence (EMBL/GenBank/DDBJ accession no. 
D86550) was obtained by combining the 2.0-kb 5' 
RACE product (1-2028) and 4.5 kb of kg-68 cDNA 
(1933-6381). The cDNA length was in good agree- 
ment  with the results of Northern analysis (-6.5 kb; 
data not  shown). The E22-5 exon sequence was 
found at nucleotides 1963-2110. Our MNB cDNA 
sequence had an additional 1.4 kb (in the 5' region) 

and 2.2-2.5 kb (in the 3' region) sequences in com- 
parison with the two published sequences. Coding 
sequence of our cDNA was identical to that  of Shin- 
doh et al. (1996), whereas the sequence of Guimer~ 
et al. (1996) contained 27 bp of insertion in the 5' 
region (nine residues between amino acids 68 and 
69), suggesting the existence of alternatively spliced 
species. MNB extends -100 kb, and is transcribed in 
a centromere-to-telomere direction. This result was 
in good agreement with those of the published pa- 
pers, and provided improved mapping data. 

The GIRK2 gene was reported previously by Fer- 
rer et al. (1995) and Tsaur et al. (1995), and was also 
revealed to be mutated in the weaver mouse by Patil 
et al. (1995). Moreover, nearly full-length cDNA se- 
quence of this gene (Kir3.2, accession no. U52153) 
has been submitted recently to GenBank/EMBL da- 
tabases. Our cDNA clone TB-2 contains a 2447- 
nucleotide sequence (accession no. D87327). The 
exon E13-25 sequence corresponds to nucleotides 
405-476. We found 2.5- and 4.5-kb transcripts by 
Northern analysis (Fig. 2). A 4.5-kb transcript was 
seen in most of the tissues examined, but a 2.5-kb 
transcript was detected only in some tissues, such as 
the fetal liver and fetal kidney. No cDNAs extending 
to 4.5 kb have been obtained yet. Using hybridiza- 
tion, the cDNA insert detected three BamHI frag- 
ments in D34/T1435, $253/T2062, and $611, as rep- 
resented in Figure 1. PCR using 5' end primers de- 
tected T2062 and $611, but 3' end primers did not 
detect any positive P1 clones. This suggests that the 
3' end of GIRK2 might fall between D30 and D34. 
PCR with 3' end primers using YAC DNAs that cover 
this gap suppor ted  this specula t ion  (data no t  
shown). Therefore, this gene might  extend -300 kb, 
and is transcribed in a telomere-to-centromere di- 
rection. 

A Novel 6ene IRKK 

IRKK is a novel member of the potassium channel 
protein family. We obtained a 1489-bp cDNA se- 
quence containing a 1125-bp open reading frame 
(ORF) that encoded a 375-amino acid protein (ac- 
cession no. D87291) (Fig. 3a). The nucleotide se- 
quence surrounding the predicted initiation codon 
at nucleotide 355 contained an in-frame stop codon 
located 51 bp upstream, which agrees with the 
Kozak (1987) consensus sequence. The combined 
RACE product (RACE7-8) has no poly(A) sequence 
nor any polyadenylation signal sequences. The se- 
quences of exons E7-8 and E10-15 correspond to 
nucleotides 239-615 and 99-238, respectively. Ho- 
mology searching of the 375-amino-acid protein 
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1 CTCCTCTGC CCAATGTCTCCCAATCTCTTTCCTTTCTCTCTTCAG~_~CTCCAGGTAATT 
61 CTTACTCAAACTTGTACCAACTTGTTTTTGACTGACAGTGAACAGTGAGAGAGTTTTCTT 

121 CATTTTGAGGAACCCTAAACACCTATCTTTCCCAAGGCAACCTGTCTGGACT~. A.G~ATTT 

181 C TCTGACTTGACAT.~A.CTTCCCATCCAGCCA~-AGTCTGCACTC~I~CAGTCT~PGCA~ ~_, 
241 AGTAGCAGAATCCCATGGTAGCCAGGTGGGTGAAGGGGAGCGAGGACGTTCTACCTGCCT 
301 ..TG.AAGAAGACACCTGACCTGCGGAGTGAGTGACCAGTGTTTCCAGAGCCTC-GCAA___~AT 

1 M D 
361 GCCATTCACATCGGCATGTCCAGCACCCCCCTGGTGAAGCACACTGCTGGGGCTGGGCTC 

3 A I H I G M S S T P L V K H T A G A G L 

421 AAGGCCAACAGACCCCGCGTCATGTCCAAGAGTGGGCACAGCAACGTGAGAATTGACAAA 

23 K A N R P R V M S K S G H S N V R I D K 

481 GTGGATGGCATATACCTACTCTACCTGCAAGACCTGTGGACCACAGTTATCGACATGAAG 

43 V D G I Y L L Y L Q D L W T T V I D M K 
541 TGGAGATACAAACTCACCCTGTTCGCTGCCACTTTTGTGATGACCTGGTTCCTTTTTGGA 

63 W R Y K L T L F A A T F V M T W F L F G 
601 GTCATCTAC T A. CT~_q~TCGCGTTTATTCATGGGGAC TTAGAACCCGATGAGCCCATTTCA 
83 V I Y Y A I A F I H G D L E P D E P I S 

661 AATCATACCCCCTGCATCATGAAAGTGGACTCTCTCACTGGGGCGTTTCTCTTTTCCCTG 

103 N H T P C I M K V D S L T G A F L F S L 
721 GAATCCCAGACAACCATTGGCTATGGAGTCCGTTCCATCACAGAGGAATGTCCTCATGCC 

123 E S Q T T I G Y G V R S I T E E C P H A 
781 ATCTTCCTGTTGGTTGCTCAGTTGGTCATCACGACCTTGATTGAGATCTTCATCACCGGA 

143 I F L L V A Q L V I T T L I E I F I T G 
841 ACCTTCCTGGCCAAAATCGCCAGACCCAAAAAGCGGGCTGAGACCATCAAGTTCAGCCAC 

163 T F L A K I A R P K K R A E ~ I K F S H 
901 TGTGCAGTCATCAC CAAGCAGAATGGGAAGCTGTGCTTGGTGATTCAGGTAGCCAATATG 

183 C A V I T K Q N G K L C L V I Q V A N M 

961 AGGAAGAGC CTCTTGATTCAGTGCCAGCTCTCTGGCAAGCTCCTGCAGACCCACGTCACC 

203 R K S L L I Q C Q L (S) G K L L Q T H V T 
1021 AAGGAGGGGGAGCGGATTCTCCTCAACCAAGCCACTGTCAAATTCCACGTGGACTCCTCC 

223 K E G E R I L L N Q A ~ V K F H V D S S 
1081 TCTGAGGGCCCCTTCCTCATTCTGCCCATGACATTCTAC CATGTGCTGGATGAGACGAGC 

243 S E G P F L I L P M T F Y H V L D E T S 

1141 CCCCTGAGAGACCTCACACCCCAAAACCTAAAGGAGAAGGAGTTTGAGCTTGTC-GTCCTC 

263 P L R D L T P Q N L K E K E F E L V V L 

1201 CTCAATGCCACTGTGGAATCCACCAGCGC TGTCTGCCAGAGCCGAACATCTTATATCCCA 

283 L N A T V E S T S A V C Q S R T S Y I P 
1261 GAGGAAATCTACTGGGGTTTTGAGTTTGTGCCTGTGGTATCTCTCTCCAAAAATGGAAAA 

303 E E I Y W G F E F V P V V S L S K N G K 
1321 TATGTGGCTGATTTCAGTCAGTTTGAACAGATTCGGAAAAGCCCAGATTGCACATTTTAC 

323 Y V A D F S Q F E Q I R K S P D C T F Y 
1381 TG TGC AGATTCTGAGAAAC AGCAAC TCGAGGAGAAGTACAGG CAGGAGGATCAGAGGGAA 

343 C A D ~ E K Q Q L E E K Y R Q E D Q R E 
v 

1441 AGAGAACTGAGGACACTTTTATTACAACAGAGCAATGTCTGATCACAGG 

363 R E L R T L L L Q Q S N V * 

b 
IRKK 1 
ratKAB-2 1 
humROMK 1 

IRKK 49 
ra~KAB-2 50 
humROMK 61 

IRKK 109 
ratKAB-2 II0 
humROMK 121 

IRKK 169 
ra~KAB-2 170 
humROMK 181 

IRKK 229 
ratKAB-2 230 
humROMK 241 

IRKK 289 
ratKAB-2 289  
humROMK 301 

IRKK 343 
ratKAB-2 349 
humROMK 353 

. . . . . . . .  X ~ x ~ H ~ a x m ~ . ~ T ~ .  �9 �9 ~ " ~ ~ .  Daze,. 

..... KT~z~z~0~zsm~,.~P. �9 .~..m - .- - .~z,~ 

}{5 M2 

ATP--binding 

: : : : : 
C .  �9 ~YN~KD~[~ARMK~GY~NPNF~SI~V~ETDDTKM* 

Figure 3 (a) Nucleotide sequence and predicted amino acid sequence of the IRKK gene. The sequence was 
constructed with 5' RACE product (1-572) and 3' RACE product (457-1489). The stop codon is denoted by an 
asterisk. The possible translation start site (355-357) is underlined, and an in-frame stop codon located 51 bp 
upstream is also underlined with a dotted line. The exons E7-8 (239-615) and E10-15 (106-238) sequences are also 
represented. Four potential protein kinase C phosphorylation sites are circled. (b) Comparison of the deduced amino 
acid sequence of IRKK with those of rat KAB-2 and human ROMK1. Identical or similar residues are printed in reverse 
types. Two putative membrane-spanning hydrophobic segments (M1 and M2) and a pore-forming region (H5) are 
underlined. A potential N-glycosylation site (asparagine 103 in IRKK) is marked by an asterisk. A Walker type-A motif 
(see text) representing an ATP-binding loop is underlined. 

showed strong homology with ATP-regulated rat in- 
ward rectifier potassium channel KAB-2 gene prod- 
uct (Takumi et al. 1995) (X83585, 64.4% identity in 
a 343-amino acid overlap) and human ROMK1 po- 
tassium channel (Ho et al. 1993; Shuck et al. 1994) 
(U03884, 50.6% in a 332-amino-acid overlap) (Fig. 
3b). Hydropathicity profile analysis (Kyte and 
Doolittle 1982) indicated two putative membrane- 
spanning hydrophobic segments (M1 and M2) with 
a pore-forming region (H5), which were also found 
in KAB-2 and ROMK1 (Fig. 3b). A potential  N- 
glycosylation site (Pless and Lennarz 1977) was also 
seen at asparagine in the predicted extracellular do- 
main of the M1-H5 linker. A Walker type-A motif 
[GX4GKX 7 (I/V)] representing a phosphate-binding 
loop (Saraste et al. 1990) was found in KAB-2 and 
ROMK1, whereas IRKK contained a similar sequence 
but had glutamine instead of the first glycine. IRKK 
also contains four potential protein kinase C phos- 
phorylation sites (positions 177, 213, 234, and 346) 
(Kishimoto et al. 1985). Transcripts of -2 .0 ,  3.0, 4.5, 
and 8.5 kb were detected by multiple-tissue North- 

ern blot analysis with adult and fetal kidney to give 
the most intense hybridization signals (Fig. 2). It is 
unclear at present whether all of these transcripts 
are strictly identical to IRKK. Mapping of the 1.5-kb 
IRKK sequence to the BamHI map showed that it 
extends at least 40 -70  kb in a centromere-to- 
telomere direction. 

Other cDNAs and Exons 

The remaining 12 solitary cDNA clones (insert size 
1-5 kb) with no expression by Northern analysis 
were also sequenced. Seven of these contained Alu 
or MER repetitive sequences. We examined all 12 
sequences by FRAMES, which detects ORFs, but 
none of them had a sufficient ORF (all <500 bp). In 
addition, these cDNAs seemed to contain no exon-  
intron junctions, because the length of PCR prod- 
ucts amplified from genomic DNAs between 5'- and 
3'-end primers of the cDNA sequences seemed to be 
the same as the length of the cDNA inserts. A1- 
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though the possibility remained that they could 
have been derived from the 5'- or 3'-noncoding re- 
gion, we judged that these clones might be attrib- 
utable to contamination of genomic clones or im- 
mature species of transcripts in cDNA libraries, and 
excluded them from the transcription map. 

Forty-four exons were localized on the BamHI 
map by hybridization (Fig. 1). The results of homol- 
ogy searching are shown in Table 1. Fifteen exons 
were identical to the exon sequences reported by 
Lucente et al. (1995) and five exons were identical 
to the exon sequences by H. Chen et al. (1996). Nine 
exons corresponded to TPRD, MNB, GIRK2, and 
IRKK, as described above. The remaining 35 exons 
without any homology to known genes were ana- 
lyzed further by Northern analysis using a blot of 
poly(A) RNAs from fetal brain, fetal heart, and KG-1 
cells. These exons displayed no positive bands in 
these tissues. We then synthesized PCR primers 
from the exon sequences for subsequent RACE re- 
actions using fetal brain and fetal heart cDNAs. 
Some of the exon sequences were amplified in these 
cDNAs, but no RACE product containing ORFs were 
obtained. 

DISCUSSION 

Chromosome 21 is one of the most widely exam- 
ined chromosomes, partly because it is the smallest 
and a good model for genome analysis, and partly 
because one additional copy of this chromosome 
results in the complex phenotypes specific to DS. 
The molecular basis of the pathogenesis of DS is still 
unknown. Therefore, the construction of a detailed 
transcription map is particularly important for un- 
derstanding the pathogenesis of DS, and for under- 
standing the genome structure in detail. In this pa- 
per, we applied exon-trapping and direct cDNA li- 
brary screening to a 1.6-Mb region of the DS region. 
We focused on this 1.6-Mb region from an analysis 
of a Japanese DS family with partial trisomy 21. To 
identify the genes that are associated with DS, our 
first goal was to identify all of the genes expressed in 
the 1.6-Mb region. 

How many genes should be identified to com- 
plete the transcription map of this region? With re- 
gard to other chromosome regions that have been 
reported recently, on average every 20- to 50-kb re- 
gion contains one transcription unit (Olsen et al. 
1994; Brody et al. 1995; Ansari-Lari et al. 1996; E.Y. 
Chen et al. 1996; Gong et al. 1996; Kioschis et al. 
1996). Although all of these data were obtained 
from a so-called gene-rich region, most of the 1.6- 
Mb region may be in a G-band region (band 

21q22.2) that tends to contain fewer genes than an 
R-band region (Saccone et al. 1993). Although genes 
may remain unidentified, the extent of the five 
genes (160-200, 100, 100, 300, and 40-70 kb) in this 
paper suggests that the 1.6-Mb region may have 
rather large transcription units and may contain 
smaller number of genes (Fig. 1). 

Direct cDNA library screening with P1 DNAs 
provided many cDNA clones that corresponded to 
three highly expressed genes (32 clones to HCS, 23 
to TPRD, and 8 to MNB). However, false clones con- 
taining genome-like sequences with no sufficient 
ORFs (12%, 12/97) or chimeric sequences (4%, 4/97) 
were also obtained. We excluded these clones by 
sequence analysis, by searching the ORFs, and/or by 
PCR using primers generated from both ends of the 
inserts. 

To isolate genes expressed at a low level or in 
other tissues, exon-trapping was also performed us- 
ing individual P1 DNAs (24 P1 clones from T1147 to 
S166). By use of this method, the GIRK2 gene and a 
novel potassium channel gene (IRK.K) could be ob- 
tained. Comparison of 44 exon sequences and the 
identified genes revealed that five, one, one, and 
two exons (in total, nine exons) were contained in 
TPRD, MNB, GIRK2, and IRKK, respectively (Fig. 1). 
Because exon-trapping was not applied to P1 clones 
D44 and $599, no exon corresponded to HCS. Lu- 
cente et al. (1995) have reported the localization of 
102 exons to the 2.5-Mb region between D21S17 
and ERG. By comparing our exon map to their map, 
we found that 15 exons were identical to those re- 
ported by Lucente et al., and three of these were 
contained in TPRD or IRKK (two in TPRD, and one 
in IRKK; Table 1 and Fig. 1). However, except for 
these three exons, no other previously reported ex- 
ons corresponded to the five genes. This may sug- 
gest that our exons detect genes in the 1.6-Mb re- 
gion more efficiently, although the density of exons 
is lower than Lucente et al. (one exon per -36 kb vs. 
-25 kb). Recently H. Chen et al. (1996) have re- 
ported 599 potential exons isolated from chromo- 
some 21. Homology searching showed that five ex- 
ons were identical to ours, and that seven exons 
corresponded to the four genes in the 1.6-Mb region 
(two to TPRD, three to MNB, one to GIRK2, and one 
to IRKK). This efficiency was almost identical to ours 
(nine exons to the four genes). They estimated that 
their exons detected -40% of chromosome 21 
genes, so if the number of their exons mapped in 
the 1.6 Mb was determined, the gene number of this 
region can be estimated. Combination of exons by 
these three groups will provide more information of 
genes in this region. We also mapped 44 trapped 
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exons  to BamHI f ragments  by  hybr id iza t ion .  Two, 
four, four, 16, and  four puta t ive  exons  were located 
in  the  intervals  HCS-TPRD ( -130 kb), TPRD-MNB 
( - 2 0 0  kb), MNB-GIRK2 ( - 1 0 0  kb), GIRK2-IRKK 
( -450 kb), a n d  IRKK-ERG ( -70 kb), respect ively (Fig. 
1). These exons,  especial ly  those  in  long  intervals  
such  as TPRD-MNB a n d  GIRK2-IRKK, m i g h t  c o n t a i n  
u n i d e n t i f i e d  gene  f ragments .  Fur ther  ana lys i s  of 
these exons  by  RT-PCR wi th  var ious  tissue RNAs is 
in  progress. Once  the  express ing  tissues are ident i -  
fied, RACE expe r imen t s  will  be a powerfu l  approach  
for i sola t ing fu l l - length  cDNAs. 

We still have  no  biological  ev idence  for a cor- 
re la t ion  be tween  these five genes a n d  the  pa thogen-  
esis of DS. Further  studies, i n c l u d i n g  an  e luc ida t ion  
of each  p ro te in  func t ion ,  dose effects, a n d  produc-  
t ion  in  t ransgenic  mice,  wil l  be necessary.  However,  
we f o u n d  tha t  the  t(4;21) t r ans loca t ion  b reakpo in t  
in  the  Japanese  DS f a m i l y  was located in  the  5' re- 
g ion  of the  HCS gene (Fig. 1). This  suggests tha t  the  
th i rd  copy of HCS pro te in  m a y  be t runca ted  a n d  
tha t  the  t r i somy of HCS m i g h t  no t  be associated 
w i th  DS features exh ib i t ed  by  these Japanese  DS pa- 
t ients  w i th  part ial  t r i somy 21, a l t h o u g h  the  possi- 
b i l i ty  r ema ins  tha t  the  t runca ted  p roduc t  of HCS 
also causes thei r  DS pheno types .  The level of tran- 
script  s h o u l d  be e x a m i n e d .  W i t h  respect  to the  
n e i g h b o r i n g  two genes, TPRD a n d  MNB, thei r  pos- 
sible associat ions to DS p h e n o t y p e s  have  been  dis- 
cussed by  us (Ohira  et al. 1996b) a n d  by  Guimer~  et 
al. (1996) a n d  S h i n d o h  et al. (1996). We also iden-  
t i f ied two inward  rectifier po t a s s ium c h a n n e l  genes, 
GIRK2 a n d  IRKK, in  t he  1.6-Mb region.  IRKK is 
h i g h l y  h o m o l o g o u s  to ATP-sensitive rat KAB-2 a n d  
h u m a n  ROMK1, a n d  therefore  m a y  have  a s imi lar  
func t ion ,  a l t h o u g h  IRKK itself h a d  on ly  an  i ncom-  
plete ATP-binding  mot i f .  H o m o l o g y  be tween  IRKK 
a n d  G - p r o t e i n - c o u p l e d  GIRK2 was m u c h  lower;  
38.8% iden t i ty  in  a 320-amino-ac id  overlap.  The ex- 
press ion  pat terns  of two genes were d is t inc t ly  dif- 
ferent:  GIRK2 was expressed ra ther  ub iqu i tous ly ,  
whereas  IRKK was expressed in  some l imi t ed  tissues. 
These features suggest tha t  two po ta s s ium c h a n n e l s  
m i g h t  have  d is t inc t  func t ions  in  d i f ferent  tissues. 
C o n c e r n i n g  the  associa t ion to the  pa thogenes i s  of 
DS, GIRK2 could  p lay  some role in  centra l  nervous  
a b n o r m a l i t y  because  of the  fact tha t  it was m u t a t e d  
in  the  weaver m o u s e  (Patti et al. 1995); whereas  
IRKK, f rom its specific express ion  in  k i d n e y  a n d  
pancreas,  could  associate to the  u r ina ry  ma l fo rma-  
t ion  of DS. 

In summary ,  we iden t i f i ed  five genes in  the  1.6 
M b  of the  D o w n  s y n d r o m e  reg ion  a n d  i so la ted  
near ly  fu l l - length  cDNA sequences  of four genes. 

A TRANSCRIPT MAP OF THE DOWN SYNDROME REGION 

These genes, w h i c h  are pos i t iona l  candida tes  for DS, 
shou ld  be ana lyzed  fur ther  to de t e rmine  w h e t h e r  
t hey  are associated w i th  the  p h e n o t y p e s  of DS. The 
n e a r l y  f u l l - l e n g t h  cDNAs we i so la ted  s h o u l d  be 
good mate r ia l s  for cons t ruc t i ng  t r ansgen ic  mice ,  
gene targeting,  a n d  func t iona l  analyses.  In addi t ion ,  
our t r ansc r ip t ion  m a p  shou ld  facil i tate the  under -  
s t and ing  of the  deta i led structure of the  h u m a n  ge- 
n o m e .  

METHODS 

Gene Fragment Isolation 

Exon-trapping and cDNA library screening using P1 clones 
were described previously (Ohira et al. 1996b). To minimize 
the bias, P1 DNAs were not mixed, but rather were used in- 
dividually for each trapping/screening experiment. Exon- 
trapping was carried out with a pSPL3 vector according to 
Buckler et al. (1991). For direct cDNA library screening, hu- 
man fetal brain and fetal heart cDNA libraries were purchased 
from Stratagene. P1 clone DNA used as a probe was prepared 
by a standard alkaline lysis method (Sambrook et al. 1989) 
and then purified by ethidium bromide-CsCl centrifugation 
to reduce the background hybridization by E. coli chromo- 
some DNA contamination. Plaques (5 x 10 s) of each library 
were screened by each 32P-labeled P1 clone DNA with human 
placenta DNA to suppress repetitive sequences, under the 
conditions described previously (Ohira et al. 1996b). 

Possible exons and positive cDNA clones were sequenced 
by single-run sequencing and used for hybridization to blots 
of the BamHI-digested P1 DNAs to confirm whether these 
clones were derived from the source P1 clones. In addition, 
PCR primers were designed from the exons and both ends of 
the cDNAs, and used for PCR with genomic DNAs from hu- 
man lymphocytes, a human-hamster hybrid cell line 2Furl 
that contains human chromosome 21q as a sole human com- 
ponent, and its background hamster cell line GlyB, to confirm 
their origin and to exclude chimeric cDNA sequences. 

For further screening to isolate longer cDNAs, we used an 
oligo(dT)-primed and size-fractionated cDNA library prepared 
from a human immature myeloid cell line KG-1 or human 
whole brain. These libraries was constructed as described pre- 
viously (Nomura et al. 1994; Ohira et al. 1996b). 

RACE-PCR 

RACE (Frohman et al. 1988) was carried out using a Marathon 
cDNA amplification kit (Clontech). Marathon-ready (Clon- 
tech) cDNAs prepared from human fetal brain or human kid- 
ney were used in PCR with an anchor primer provided by the 
manufacturer and a gene-specific primer designed from the 
exon and cDNA sequences. PCR was performed in 20 ~l of 
1 • LA PCR buffer II [25 mM TAPS buffer (pH 9.3), 50 mM KC1, 
2 mM MgCle, 1 mM 2-mercaptoethanol] (Takara Shuzo), using 
0.5 unit Ex Taq DNA polymerase (Takara Shuzo) and 0.55 
mg/ml Taq Start antibody (Clontech). The conditions for PCR 
were a 1-min denaturation step at 94~ followed by 30 cycles 
of (denaturation at 94~ for 30 sec, annealing and extension 
at 68~ for 3 min) and finally a 5-min extension at 68~ PCR 
reactions were performed on Perkin Elmer PJ2000 thermal 
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cyclers. PCR products were analyzed by gel electrophoresis 
using 0.8% agarose, purified from the gel, and cloned into a 
sequencing vector pGEM-T (Promega). 

DNA Sequencing 

cDNA clones and RACE-PCR products were sequenced by a 
shotgun method as follows. The cDNA inserts were prepared 
by restriction endonuclease digestion, purified by agarose gel 
electrophoresis, and sonicated. Fragmented DNAs were 
blunted with mung bean endonuclease and T4 DNA polymer- 
ase. After purification of 700- to 1100-bp fragments by agarose 
gel electrophoresis, these fragments were subcloned into a 
SmaI-digested M13mp18 sequencing vector. Single-stranded 
DNAs were prepared by an automatic DNA isolation robot 
(PI100, Kurabo) and used as templates for sequencing. The 
sequencing reaction and subsequent analysis were performed 
as described previously (Nomura et al. 1994). Single-run se- 
quencing of exons and cDNA clones was carried out using 
double-stranded DNAs as described by Ohira et al. (1996b). 

Northern Blot Analysis 

Human multiple-tissue Northern (MTN) blots were purchased 
from Clontech. For hybridization, insert DNA of the cDNA 
clone was labeled with [32P]dCTP by random priming. The 
hybridization conditions were described previously (Ohira et 
al. 1996b). 
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