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[. Summary

Genomes of higher vertebrates are composed of long-range mosaic structures of
GC%, which are related to chromosome bands. Several groups, including the group
to which I belong, showed chromosomal G bands to be mainly composed of AT-rich
sequences and T bands (an evidently heat-stable subgroup of R bands), of GC-rich
sequences: ordinary R bands are heterogencous and appear to be intermediate. Gene
density, DNA replication timing, repeat sequence density and other chromosome
behaviors such as recombination are related to chromosomal bands and to the long-
range GC% mosaic structures.

Human MHC spans about a 4 megabase (Mb) segment of the short arm of
chromosome 6 (6p21.3), and the region is composed of classes 1 (about 2 Mb), 111
(1 Mb) and II (1 Mb) from telomere to centromere. Genes in classes I and 11
encode polymorphic antigens involved in genetic contro! of immune response: Class
III, which is one of the rcgions most densely packed with genes in the human
genome, encode proteins of diverse functions mostly unrelated to immune response.
Susceptibility to a large number of diseases, including autoimmune disorders, is
thought related to genes in the MHC. However, in many cases, it is not clear
whether the susceptibility 1s due to known genes or to those not yet identified.

Previous studies of our group showed the human MHC 1o be a long-range
mosaic of GC%. Contiguous classes I and I11 correspond to an evidently GC-rich
domain and class U, to a domain with reduced GC%. Thus, borders of Mb-level

GC% mosaic domains had been assigned within an under-characterized 450 kb
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harboring the junction of classes I and [11. To precisely locate the domain border
and find new genes, chromosome walking to completely cover this 450-kb area
were carried out by isolating cosmid, A phage and YAC contigs. During
characterization of the 450 kb, especially of the region near the border of the Mb-
level GC% mosaic domains, three human MHC class 11T genes were found; the gene
for receptor of advanced glycosylation end products of proteins (RAGE, a member
of immunoglobulin superfamily molecules believed to be related to diabetes
complication}, PBX2 homeobox gene (designated HOX12 by me and suspected to be
a proto-oncogene), and human counterpart of mouse mammary tumor gene fnf-3,
designated as NOTCH3. Human RAGE and PBX2 sequences were previously
determined sequencing their cDNA clones, but the gene structures and map
locations had not been known. The contiguous RAGE and PBX2 (HOX12) genes
were completely sequenced in this work, and a single copy number of these genes in
the human genome was shown by Southern blot analysis.

Integration of the mouse mammary tumor virus (MMTV) into the ins-3 locus
promotes the transcription of flanking mouse cellular in#-3 sequence that shares
significant homology with the intracellular domain of Drosophila neurogenic Notch
gene. The human sequences found in the present work contained not only the
intracellular domain part present in the ine-3 sequence but also the extracellular
part present in typical Notch-family genes, showing the sequence found in this study
to correspond to the human counterpart of an uninterrupted form of the

transmembrane protein gene predicted for the mouse ine-3 locus. The placental



cDNA clones of the human NOTCH3 were isolated and sequenced. By constructing
phylogenetic tree based on their sequences, four subfamilies for mammalian Notch
genes were found.

Near a GC% transition of the long-range mosaic structures, being centromeric
of NOTCHS3, there were a 20 kb of dense Alu cluster and a 30 kb of dense LINE-1
cluster, as well as a pseudoautosomal boundary-like sequence (PABL) found by
Fukagawa in our group. Summary of the organization of the walked 450 kb is as
follows; [Class 11, AT-rich side] HLA-DRA - 140 kb - PABL - 30 kb of LINE-1
cluster - 20 kb of Alu cluster - NOTCH3 - PBX2 - RAGE - 90 kb - TNX (tenascin
X gene) - 70 kb - CYP21 [Class 11I; GC-rich side].

[ have also found the gross similarity of genes on 6p21.3 and those on 9g33-
q34. The human gene most closely related to NOTCH3 is TAN] being precisely
mapped on 9G34.3, that to PBX2 is PBX3 roughly mapped on 9q33-34, and that to
TNX is HXB (tenascin C gene) on 9q32-q34. By searching human Genome Data
Base (GDB), not only the three genes discovered by our group but also several
others on 6p21 .3 were found to have counterparts mostly mapped on 9933-q34.
This gross similarity should have been brought on by duplication of a wide range of
the genome and thus gives a realistic knowledge concerning evolutionary processes
to built up the present human genome. The similarity is also useful for finding
undiscovered genes, especially candidate genes responsible for certain genetic

diseases.



[I. Introduction

Genomes of higher vertebrates are composed of long-range mosaic structures of
G+C content, which are related to chromosome bands (Bernardi ef «al., 1985;
Ikemura, 1985; Aota and Ikemura, 1986; Ikemura and Aota, 1988; Bernardi,
1989). Several groups, including the group to which I belong, showed Giemsa-dark
G bands to be mainly composed of AT-rich sequences and T bands (an evidently
heat-stable subgroup of R bands), of GC-rich sequences: ordinary R bands are
heterogeneous and appear to be intermediate (Ikemura and Aota, 1988; Bernardi,
1989; Tkemura et al., 1990; Tkemura and Wada, 1991; Bernardi, 1993; Saccone e/
al., 1993). Gene density, CpG island density, codon usage, chromosome
condensation, DNA replication timing, repeat sequence density, and other
chromosome behavior such as recombination and mutation rate are related to
chromosomal bands and to long-range GC% mosaic structures (Bernardt ef al.,
1985; Ikemura, 1985; Bird, 1987; Holmquist, 1987; Korenberg and Rykowski,
1988; Bernardi, 1989; Wolfe er al., 1989; Gardiner et al., 1990; Ikemura and Wada,
1991; Bettecken et al., 1992; Pilia et al., 1993; Craig and Bickmore, 1994 ).
Concerning gene density, T-type R bands are known to be most densely packed with
genes (Craig and Bickmore, 1993).

Previous studies of the group to which I belong (Ikemura et al., 1988, 1990)
showed the human major histocompatibility complex (MHC) to be a long-range
mosaic of GC%. Human MHC spans about a 4 megabase (Mb) segment of the short

arm of chromosome 6 (on a band 6p21.3), and the region is composed of classes 1



(about 2 Mb), III (1 Mb) and I (1 Mb) from telomere to centromere. Genes in
classes I and Il encode polymorphic antigens involved in genetic control of immune
response, and those in class IIT encode proteins of diverse functions mostly
unrelated to immune response. Contiguous class I and I (3 Mb) regions
correspond to an evidently GC-rich domain and class [1 (I Mb), to a domain with
reduced GC%. Thus, borders of Mb-level GC% mosaic domains were assigned
within under-characterized 450 kb harboring the junction of class IT and III. To
characterize the genome structures of the 450-kb region, cosmid walking from a
centromeric class [1I gene CYP21 to class I and YAC walking from the most
telomeric class 11 gene HLA-DRA to class Il were carried out (Sugaya et af., 1994;
Matsumoto ¢t af., 1992), and A phage walking from HLA-DRA to class 11 was
done by Fukagawa et al. (1995). It should be noted that the band 6p21.3 on which
the human MHC region lies has been assigned to a T-type R band above-noted to be
densely packed with genes. At a high resolution level, a narrow G band (6p21.32) is
thought to exist within the MHC (Senger et «f., 1993).

Susceptibility to a large number of diseases, including autoimmune disorders, is
thought related to genes in the MHC (Klein, 1986). In many cases, it ts not clear
whether the susceptibility 1s due to known gene per se or to genes as yet
unidentified. Genes in the MHC have been intensively studied, and many new genes
have been found (see a review, Campbell and Trowsdale, 1993). The research
group to which I belong (Matsumoto et al., 1992a, 1992b) and another group

(Bristow et al., 1993) found an extracellular matrix protein tenascin-like gene,
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TNX, 1n the centromeric region to CYP21: Presence of the mouse counterpart in
the respective position and 1ts expression were recently confirmed (Matsumoto ez
al.,, 1994). In the present work, the GC% boundary in the MHC was located about
180 kb centromeric to TNX, and the region about 90 - 180 kb centromeric to TNX
was characterized disclosing three new genes and several characteristic genome

structures (Sugaya, et al., 1994; Fukagawa, Sugaya, et al., 1995).



II1. Materials and Methods

1. Cloning and sequencing

A cosmid library, which was used in this study, was constructed by Dr H. Inoko
and his colleagues (Tokai Univ.), using the cosmid vector pWE1S5 (Stratagene, San
Diego, CA) from the total human DNA of an HLLA homozygous B cell line, AKIBA
(HLA-A24, Bw52, DR2, Dwl?2, DQwI, Cp63) (Inoko er al., 1985). This was done
so as to reduce the chance of heterozygosity among ditferent cosmids for shotgun
sequencing as much as possible. Successive cosmid walking was done by standard
procedures using a Notl-generated insert fragment of an already obtained cosmid,
as its probe, which were labeled with [ « -32P] dCTP by the random-priming.
Hybridization was pe.rformed after Th of preannealing with human placental DNA
(80-330 s« g / ml of hybridization buffer), as described by Scaley er al. (1985). The
isolated cosmid DNAs were subjected to EcoR1 mapping.

Six human cDNA libranes cloned on A gtl( or A gt11 vector were obtained
from Clontech, Palo Alto, CA.; those were placenta 5'-stretch plus ( A gtl1),
placenta ( A gt11), monocyte ( A gt11), B-cell ( A gt10), spleen (A gt10) and skin
fibroblast ( A gt10) ¢cDNA libraries. Replica filters from the libraries (1-2X10° pfu
/20 em > 20 cm plate) were hybridized with 32P-labeled probes (> 5108 cpm / ¢
g) of genomic fragments. Positive plaques were picked and purihied by two
additional rounds of plating and probing.

EcoRI, Hindlll, BamH] or Pstl fragments of cosmid or A cloned insert, as well

as smaller fragments produced by successive Sau3Al digestion, were subcloned into



pUCHI18 and sequenced by the Tag cycle sequencing, using the method of
fluorescence-labeled DyeDeoxy terminators for ABI 373 A automated sequencer
(Applied Biosystems, FFoster City, CA). When the sequence was not certain, it was
determined by the standard dideoxy chain termination method using 7-DEAZA
Sequencing Kit Ver. 2 or BcaBEST Dideoxy Sequencing Kit (TAKARA SHUZO
CO., Kyoto, Japan). The obtained sequences were aligned into contigs, and (o
bridge them, primers for sequencing were prepared.
2. Database search and data-submission

Database search of GenBank, EMBL and PIR was made using FASTA and
BLAST programs (Pearson and Lipman, 1988; Altschul ez al., 1990). Alignments
and percentages of sequence identity were determined by ALIGN program of the
DDBJ and Human Genome Center, Japan. The phylogenetic tree was constructed by
using the program package CLUSTAL V (Higgins, 1994). Transcription factor
binding sites were sought using the TFD database (Ghosh, 1991). The nucleotide
sequence for the contiguous HOX12 and RAGE genes, 10108 nt, was deposited in
DDBJ / GenBank / EMBL under accession number D28769. Map locations of
RAGE, HOX12 and NOTCH3 were deposited in Genome Data Base (GDB) under
GDB Id G00-306-354, GO0-306-356 and G0O0-306-600, respectively, and their
linkage was under GDB 1d G0O0-306-676. The GDB committee has recently used the
gene symbol "AGER"” for the gene RAGLE, according 1o the nomenclature rules.
3. Southern blot analysis and chromosome in situ hybridization

A YAC library was prepared by Drs T, Imai, T. Eki, K. Yokoyama and L.
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Soeda of The Institute of Physical and Chemical Research (RIKEN, Tsukuba), and
the clones harboring HLA-DRA were screened by Ando er af. (1994). High-
molecular-weight DNA was isolated from YAC-containing yeast strains grown to
saturation 1n uracil- and tryptophan-deficient liquid media (Brownstein et al.,
1989). YAC-containing yeast DNA and high-molecular-weight DNA from human
placenta (Clontech, Palo Alto, CA) were digested by restriction enzymes 10
completion and size fractionated by electrophoresis on a 1% agarose gel. Southern
blot and hybridization analysis were carried out according to standard methods
(Maniatis et al., 1989), and were conducted in the presence of 0.5 mg/mi human
DNA for suppression procedure. Stringent washing was performed at 65C for
I5min in 0.1 X SSPE (1 XSSPE 15 0.18 M NaCl, 10mM NaH2PO4, 1mM EDTA,
pH7.7) contaming 0.1%SDS. The membranes were subjected to autoradiography
with Fuji Bio-Imaging Analyzer BAS 2000 (Fuji Photo Film Co., Japan).

Chromosomal location of the cloned cosmid DNA was assigned by Drs K. Mita
and E. Takahashi (Natonal Institute ot Radiological Sciences, Chiba) using direct
R-banding fluorescence in situ hybridization (IFISH) as described previously
(Takahashi er «f., 1990). Direct R-banding FISH was based on FISH combined with
replication R-bands. Suppression procedure with human Cot-1 DNA (about 30 times
excess amounts) was according o Lichter es ¢l (1990), and procedures of labeling,
hybridization, rinsing and detection were done in a routine manner (Takahashi ¢f
al., 1991).

4. GC% measurement

10



Insert DNAs (30 - 40 kb) derived from pWEIS cosmid clones were separated
from the vector DNA and RNA by high-performance liquid chromatography
(HPLC): cosmid DNAs were digested by No¢l at the pWEIS linker, put on a
TSKgel DEAE-NPR HPLC column (0.46 X 3.5 cm; Tosoh Co., Tokyo), and eluted
with a linear gradient of NaCl (from 0.5 M to 1 M) in 0.02 M Tris-HCI (pH 9.0).
GC% of purified inserts was measured with DNA-GC kit (Yamasa Shoyu Co.,
Chiba, Japan) folowing the manufacturer’s protocol. Bricfly, 20 pg of DNA
(EDTA free) being dissolved in 20 pl of distilled water was heated at 100°C for 5
min followed by rapid cooling in an ice bath, mixed with 20 pl of nuclease P1
solution (2 units/ml of 40 mM sodium acetate buffer containing 0.2 mM ZnClz, pH
5.3), and incubated at 50°C for 1 hour. P1 hydrolysate and a standard
mononucleotides mixture supplied by the manufacturer were separately
chromatographed on a YMC reversed-phase HPLC column (ODS-AQ-312, 0.6 x 15
cm; YMC Co., Kyoto) in 10 mM H3PQOs - 10 mM KH2POa (pH 3.5) at 26°C, and
GC% was calculated according to the manufacturer's protocol.

5. Analysis of microsatellite alleles

Oligonucleotide primers corresponding to chromosomal regions flanking
microsatellite repeats were synthesized. Genomic DNAs from 23 cell lines, listed n
Table 3 and legend of Fig. 15 were used as a template in PCR amplification. PCR
reactions were carried out on 200 ng of mdividual template DNAs with 20 pmol of
a pair of primers according to the GeneAmp kit protocols (Perkin-Elmer Cetus).

Amplification was performed in a Perkin-Elmer Cetus thermal cycler model 9600,



using the following conditions; 30 cycles with 94" C (30 sec), 55° C (30 sec), 72°C
(30 sec). The last polymernization step was extended to 7 min. After PCR, products
were extracted by phenol/chloroform, digested by restriction enzymes if necessary,

and analyzed by electrophoresis on a 8%(w/v) polyacrylamide gel.



IV. Results

I. Chromosome walking from MHC class HI to class Il and newly
found genes

During the cosmid walking from the MHC class 1II CYP21 to class 11, ten
overlapping cosmids extending about 100 kb were previously obtained and TNX
gene being immediately centromeric to CYP21 was found (Matsumoto et al., 1992a,
1992b). In the successive walking to class I1, sixteen cosmids extending about 180
kb from the TNX gene were isolated (Sugaya et al., 1994). Figure 1 shows
positions of the sixteen class I11 clones (KS-series cloned by me) along with those of
previous ten clones (M-series cloned by Dr Matsumoto), as well as clones harboring
class II HLA-DRA (KS-series cloned by me). To confirm proper walking and find
new genes, the tlermim of individual class [l cosmids were sequenced by using the
T3 or T7 promoter primer designed for the cosnid pWELS vector. Comparison of
terminal sequences (about 300 nt) with GenBank data indicated evident similarities
with various portions of the following genes. Those of cosmids KS11, KS72 and
KS61 were essentially identical with separate portions of human RAGE ¢cDNA
reported by Neeper ef af. (1992); RAGL 1s a receptor for advanced glycosylation
end products of proteins. KS122 and KS120 were essentially identical with separate
portions of the human PBX?2 homcobox gene reported by Monica er al. (1991),
while KS71, K§73, K§104, KS123, KS130 and KS132 were homologous with
various portions of Notch-homologs of a wide range of species; Drosophila

(Wharton et al., 1985), Xenopus (Coffman et al., 1990), zebrafish (Bierkamp et .,
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1993), human (Ellisen et al., 1991; Stifani et al., 1992; Larsson er af., 1994), rat
(Weinmaster et ¢f., 1991,1992) and mouse (Franco del Amo er «f., 1993: Lardelli ¢t
al., 1993, 1994; Robbins et «l., 1992). Thesc three genes were confirmed to be
present in the respective regions. 1 will give a full detail of these genes in the
following section,

A) Gene for RAGE (AGER)

Advanced glycosylation end products of proteins (AGEs) are nonenzymatically
glycosylated proteins that accumulate in vascular tissue in aging and at an
accelerated rate in diabetes. A 35-kDa receptor molecule for AGEs (RAGE) has
been found on the surface of endothelial cells where it mediates binding (Schmidt et
al., 1992). Human and bovine RAGE gene sequences were identified as cDNAs
(Neeper et al., 1992; GenBank M91211 and M91212), but their genomic sequences
and map positions have not been determined. RAGE is a member of the
immunoglobuilin superfamily of cell surface molecules and shares significant
homology with MUCI18, N-CAM and the cytoplasmic domain of CD20 (Neeper ef
al., 1992). To determine whether sequences in the cosmids actually correspond to
that of the RAGE gene, eight DNA primers of 20-mers tor sequencing were
prepared based on the reported ¢cDNA sequence and sequencing was conducted
using cosmid KS71 DNA as the template. All primers gave the exactly predicted
scquences for RAGE exons as well as possible introns, indicating presence of the
RAGE gene. To determine the total genomic sequence of the RAGE gene,

fragments of cosmid KS71 after digestion by five restriction enzymes were



subcloned into pUCIHIE and sequenced as described in Materials and Methods. The
contiguous 10108-nt sequence obtained was deposited in DDBJ / GenBank / EMBL
under the accession number D28769 (Sugaya ef al., 1994). Pairwise alignment of
this genomic sequence with that of reported ¢cDNA showed the entire cDNA
sequence 10 be present in the genomic sequence, and the gene to be composed of 11
exons (Fig. 2A). All intron/exon junctions showed agreement with GT/AG rule.
Table 1 shows 5" and 3" splice donor and acceptor sequences and nucleotide length
of exons and introns. The reported human ¢cDNA clone has a truncated form, and
inittator methionine ATG 1s absent from the cDNA sequence. In this genomic
sequence, ATG codon is present in position exactly corresponding to the initiator
ATG of bovine RAGE ¢cDNA (Neeper et al., 1992). The following minor
differences were observed between human ¢cDNA and genomic sequences. The first
two G bases of ¢cDNA, absent in the genomic sequence, appeared to be generated
during the ¢cDNA cloning since the genomic sequence in the respective position was
identical with bovine RAGE cDNA. In the protein coding region, a consecutive
base difference producing one amino acid change (Arg <-> Gln at amino acid
position 100) was present. In the 3" untranslated region (UTR) of 175 nt, there
were no ditferences.
B) Gene for PBX2 (HOX12)

In the 10108-nt genomic sequence, the entire PBX2 ¢cDNA sequence (Monica ef
al., 1991; GenBank X59842) was found. Distance between nitiator ATG ot RAGE

and 3' UTR of PBX?2 was approximatcly 500 nt, thus indicating the inter-gene
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sequence to be significantly shorter than those of usual human genes. PBX2 and
PBX3 genes were isolated as cDNAs based on extensive homology to PBX1, a
human homeobox gene involved in t(1;19) translocation in acute pre-B-cell
leukemias (Kamps ef al., 1990; Nourse et al., 1990). Pairwise alignment of the
present genomic sequence with that of the reported PBX2 ¢DNA showed the gene
to be composed of 9 exons (Fig. 2A) and all intron/exon junctions to match GT/AG
rule (Table 2). The first 25 nt of the reported 5" UTR corresponded to the vector
sequence for cloning. After removing the vector sequence, there were two
differences between the reported 5" UTR (271 nt) and the genomic sequence
(99.3% identity). Genomic sequence extended 706 nt upstream the reported 5°
UTR. In 1636 nt of the 3' UTR, there were only 7 base differences (99.6%
identity). In the protein-coding region, there was one base difference resulting in an
amino acid change (lle <-> Met at amino acid position 393).

Figure 2B-D shows an evident CpG island in the 5" region of PBX2 sequence.
Examination of TFD database (Ghosh, 1991) indicated a number of potential
binding sites for transcriptional regulatory factors in the 5' region harboring the
CpG island, ubiquitous factors (e.g., AP-1, AP-2, SP1) and specific factors (y -
IRE, GMCSF, BHLH, NF « BB) (Fig. 3A). Figure 3B shows potential binding sites
detected in the inter-gene portion between PBX2 and RAGE sequences; because of
very close locations of two genes, 3’ UTR of PBX2 is also listed though the
sequence 1s written in italics.

Chromosome in situ hybridization by Monica et al. (1991), using 3H-labeled
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c¢DNA probes, showed PBX genes not to be clustered: PBX2, 3g22-23; PBX3,
9933-34; PBXI, 1923 (Kamps et al., 1990; Nourse ez al., 1990). The PBX2
sequence In my work was on 6p21.3 in contrast to 3q22-23 assigned by their
hybridization using the radio-labeled probe. To clarify the reason for this
discrepancy and examine whether my data is specific 1o AKIBA cells used for the
present cosmid library, as well as to check for proper chromosome walking, two
experiments were conducted: YAC walking from class IT to class 11l using YAC
library from a B-cell line CGM1 was done and in situ chromosome hybridization

using fluorescence probe was carried out.

2. YAC clones carrying class 11 HLA-DRA and Southern blot analysis
Yeast Artificial Chromosomes (YACs) which harbor the most telomeric class [1
gene HLA-DRA, were screened by Ando et af. (1994), using pairs of PCR primers
designed based on HLA-DRA sequence reported by Schamboceck e af. (1983). YAC
clones carrying HLLA-DRA but not HLA-DRBY were further confirmed by using
the respective radio-tabeled DNA probes; HLA-DRBY is a pseudogene of HILLA-
DRB and about 15 kb centromeric of HLA-DRA. The clones 1solated should thus
correspond to those extending from HLA-DRA to class I and possibly those
bridging the gap not yet covered by the cosnmud walking from class 1. T analyzed
two YAC clones, YDR2 (carrying about 450 kb insert ) and YDR3 (about 220 kb).
Based on the gene organization summarized by Campbell and Trowsdale (1993),

PBX2 and RAGE sequences should be about 260 - 280 kb telomeric of HLA-DRA.
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If AKIBA and CGMI cells have the genome organization proposed by Campbell
and Trowsdale (1993) in the respective area and the cosmid walking from the class
[l side is properly done, longer YDR2 but not shorter YDR3 should cover PBX2
and RAGE sequences. Southern blots of EcoRI-digested yeast genomic DNA of
YDRZ2 or YDR3 were probed with radio-labeled cosmid KS 83 harboring class 11
HLA-DRA or class IIl cosmid KS75. Class 11 probe hybridized to YDR2 and
YDR3, but class Il probe only 1o YDR2 supporting the prediction. Hybnidizing
bands were accounted for restriction fragments of the cosmids, except for terminal
fragments derived from the LcoRI site of cosmid linker (Fig. 4A). Thus, it was
concluded that the presence of PBX2 and RAGE sequences in the MHC was neither
spectfic to AKIBA genome nor due to cloning artifacts.

Copy numbers of PBX2 and RAGE segments in the human genome were
examined by Southern blotting hybridization for human genome DNA digested with
cight different restriction enzymes. Ten pg of high-molecular-weight DNA from
human placenta, as well as 5 ng of YDR2-containing yeast DNA, were completely
digested by cach enzyme and size {ractionated by electrophoresis on a 1% agarosc
gel. Southern blots of gels for the human or YAC DNA were hybridized with
racdho-labeled 0.8-kb RAGE probe (Fig. 2A). Hybridization patterns of human and
YAC DNAs were essentially the same (IFig. 4B), and consistent with those predicted
from the scquence determined; a single band was observed for four of cight enzyme
digests. RAGE sequence is thus concluded to be present only once 1n the haploid

human genome and to correspond to the real RAGE gene (Sugaya er al., 1994).



Figure 4B shows also results obtained with PBX2 probe (1.1 kb). Hybridization
pattern of YAC DNA was consistent with those from the genomic sequence, and
five of eight digests had a single hybridization band. The pattern of human DNA
was very similar to that of YAC while one or a few more bands with reduced
intensity were seen after stringent washing. Essentially the same conclusion was
drawn using another PBX2 probe of a 0.6-kb BamHI fragment (data not shown).
Weak bands reproducibly observed would not be related to CpG methylation of
human DNA because enzymes used are not affected by methylation. Polymorphism
may occur between the two chromosomes, but this is presumably not the case, since
tor no enzyme digests RAGE probe, as well as NOTCH3 probe mentioned later
(Fig. 413), did not give reproducible extra bands after stringent washing for all
enzyme digests. A sequence closely related to, but distinet from, the PBX2 sequence
may be present even in the haploid genome. If this 1s the case, the sequence may

correspond to one previously mapped on 3q22-g23.

3. Chromaosome in situ hybridization

As the second approach to determine locations of PBX2 and RAGIE sequences
(as well as int-3 homolog described later), the direct R-banding fluorescence in situ
hybridization (FISH), which is based on FISH combined with replication R-banding
(Takahashi er al., 1990) were carried out by Drs K. Mita and k. Takahashi
(National Institute of Radiological Sciences, Chiba). They used the insert DNA of

cosmid K872 isolated by me as a probe. This clone contains the complete PBX?2



sequence and portions of RAGE and ins-3 homolog sequences. They examined 100
typical R-banded (proymetaphase plates. Of them, 54% showed complete double
spots on both homologs, 41% were incomplete single orfand double spots on either
or both homologs and in others (5%) no spots were detected. Fluorescent signals of
K872 were localized on 6p21.3 (Fig. 5), and no doublet signals were observed at
other chromosome locations. Cultured cells for the in site hybridization were from
lymphocytes of a normal female donor (Takahashi et ¢f., 1990), and therefore the
PBX2 sequence on 6p21.3 should be a general characteristics of the human genome.
Monica et al. (1991) used the name PBX2 for ¢cDNA selected by cross-hybridization
to PBX1 cDNA. The present genomic sequence was essentially identical to PBX?2
cDNA scquence, even in 5" and 3" UTRs. Thus, the present sequence should be the
genomic PBX2 sequence. There is presently no direct information of sequence of
the exacl genome segment on 3¢22-g23, which was hybridized with the *H-labeled
PBX2 probe. To avoid possible confusion, I tentatively designated the gene in MHC
"HOX 12" rather than PBX?2 in my paper (Sugaya er al., 1994), after consulting
with Geneme Data Base (GDB) held by Johns Hopkins University. The GDB
committee has recently noted, based on my mapping data, the HOX12 as the real

PBX2 gene.

4. Human counterpart of mouse mammary tumor gene int-3; NOTCH3
As noted above, nucleotide sequences of terminal portions of six cosmids being

located centromeric to HOX12 were homologous with various portions of Notch-



homologs of organisms such as Drosophila, Xenopus, zebrafish, rat, mouse and
human. The highest nucleotide 1dentity, about 80%, was noted for mouse mammary
tumor gene nt-3. Mouse mammary tumor development results from clonal
outgrowth of tumor cells that frequently contain MMTYV intcgrated at one or more
specific genome regions called /nt loci. By mouse linkage analysis, one int locus,
int-3, has been mapped between MHC class 111 C4 and class H H-2Aq (Siracusa er
al., 1991), which corresponds to the area harboring the portion where I walked in
the human genome. A consequence of MMTYV integration at /ns-3 is activation of
expression of a 2.3-kb RNA species corresponding to 3' adjacent cellular sequence
of the viral insertion. Its expression alters growth properties of HC11 mammary
epithelial cells in culture. Nucleotide sequence of ins-3 RNA has been assigned to
intracellular domain of a Notch-homologous gene (Robbins e al., 1992). Notch was
first found as a Drosophila neurogenic gene required for correct segregation of
epidermal cells from neuronal cell precursors during embryogenesis, and
subsequent studies demonstrated its roles in eye and sensillum development, in
mesoderm differentiation and in cogenesis. Drosophila Notch 1s thus widely
expressed during embryonic and adult development and mediates many different
cell-cell interactions during normal fly development (Fortini and Artavanis-
Tsakonas, 1993). Notch gene product 1s a transmembrane protein and composed of
EGF-like repeats, Notch/lin-12 repeats, cdelO/ankyrin repeats and PEST regions
(Fig. 6).

Notch homologs have been 1solated from a variety of vertebrates and in human,

21



two genes have been sequenced. The TANT on human chromosome 9 was shown to
be mmvolved 1n the transtocation t(7:93(q34:q34.3) of acute T cell lymphoblastic
leukemia (T-ALL), and its ¢cDNA sequence was reported (Ellisen ef al., 1991). The
other human gene, hN, was 1solated as a cDNA using PCR-primers designed from
Drosophila and Xenopus Notch sequences, and its intracellular domain portion has
been sequenced (Stifani et al., 1992).
A) Structure of NOTCH3

To elucidate the orgamization of the Notch-homolog in MHC, various portions
of cosmids K571 and KS74 were subcloned and sequenced. Then, sequences were
assembled mnto contigs. These sequences showed various degrees of identity with
functional domains of Notch-homologs.

1} Intracellular domain; PEST sequences and cdelO/ankyrn repeats. A 0.7-kb
sequence, t5 1 FFig. 6, showed the highest homology with the nucleotide sequence
from PEST domain to the first cdelO/ankyrin repeat (CDC10-1) of mouse int-3
(77% nucleotide identity); alignment with inr-3 cDNA 1s shown in Fig. 7A. PEST
domain was characterized by clusters of proline (P), glutamic acid (E£), scrine (8)
and threonine () residues and was usually found 1 Notch-homologs. PEST
sequences in int-3 lie on either side of the cdel0/ankyrin repeats, and that of Fig,
7A showed higher homology to the proximal one. .A 0.9-kb sequence, {6 in Fig. 6,
showed homology with those for the cdel/ankyrin repeats of several Notch-
homologs and the highest homology was found with the first cde10/ankyrin repeat

(CDC10-1) of mouse int-3 gene (93% identity, Fig. 7B); at the cDNA sequence
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level, this is continuous from that of Fig. 7A, showing CDC10-1 interrupted by an
mtron. Intron-cxon junctions are indicated by arrows. The cdciO/ankyrin repeats
were first recognized in yeast cdel0/swi6 cell-cycle transcriptional regulatory
proteins and in other proteins having roles in cell cycle control. These repeats are
the most highly conserved domain among all of the known Notch-related proteins.
A 1.6 kb sequence, {7, showed the highest homology to the last cde10/ankyrin
repeat (CDCI0-6) of int-3 (70% identity, IFig. 7C). Using the coding frame for the
aligned /ns-3 sequence human sequences were translated into amino acid sequences,
which were sought in the PIR protein database; for [’i\;e other frames, they were
interrupted by termination codons (data not shown). Amino acids sequence found in
PIR were those of PEST and cdel0/ankyrin domains of Notch proteins (Figs. 8C, D
and E). The highest homology was noted tor the mouse ne-3 protein sequence;
69.6% 1dentity for the sum of continuous sequence of Figs. 8C and D, and 60.7%
tor that of Fig. 8L.

2) Extracellular domain; Notch/lin-12 cysteine repeats and cysteine-nch epidermal
growth tactor-like repeats (EGI cystene repeats). A 1.2-kb sequence (14 in Fig. 6)
showed homology with nucleotide sequences for Notch/lin-12 cysteine repeats of
human, mouse, rat, Xenopus and Drosophila Notch genes, and 1.0, 0.4 and 0.7-kb
sequences (f1,f2 and 13), with those for Notch EGF-cysteine repeats of the species
(data not shown). Depending on the coding frame for Notch genes thus aligned, the
present human sequences were translated into amino acid sequences which were

sought in PIR protein database. High levels of homology with EGF cysteine repeats



(Fig. 8A) and Notch/lin-12 repeats (Fig. 8B) of Notch-homologous proteins were
found, and posttions of cysteine were especially well conserved. Figures 8A and B
indicate alignments for {3 and 4 sequences, respectively; EGF-like repeats occur
more than thirty times in Notch gencs, and that with the highest homology for each
organism is presented (Fig. 8A). EGF-like repeats in Notch mediate extracellular
mteractions, as receptor for some diffusible ligands, binding sites in tissue matrices
and recognition structures on certain cells.

The obtained sequences tn cosmids KS71 and KS74 were thus homologous with
Notch homologs virtually throughout all functional domains. Size of this human
Notch homolog was estimated as more than 30 kb based on EcoRI map in Fig. 1.
Owing to this large size, it is difficult to determine the full genomic sequence. Thus
Notch ¢cDNA clones were 1solated {from a human placenta cDNA library using
several genomic fragments as probes, and the longest clone named PB5P4 was
sequenced (3898 nt). Positions of cDNA sequences that have been determined at the
present moment are indicated by horizontal lines at the bottom of Fig. 6.

B) Four subfamilies of mammalian Notch

A phylogenetic tree was constructed with the program package CLUSTAL V
(Higgins 1994), analyzing amino acid sequences of the highly conserved
cdcl0/ankyrin repeats domain translated from the present cDNA sequences and the
respective ones ol known Notch-family proteins of a wide range of species (Fig. 9).
This tree revealed four subfamilics of mammalian Notch genes. Human TANI, rat

Notchl, mouse Notchl, zebrafish Notch and Xenopus Notch are closely related and

24



appear to constitute one group {(designated "Notch subfamily 1), Human Notch hN
and rat Notch2 make another group ("subfamily 2"). Although the intracellular
domain sequence of mouse Notch2 (Motch B) has not been determined, the mouse
Notch?2 likely belongs to subfamily 2 since it could be assigned to the mouse
counterpart of rat Notch2 using EGF and Notch/lin-12 repeats sequences (Figs. 8A
and 8B). The human gene found in MHC and mouse inf-3 comprise another group
("subtamily 3"), and thus the human gene was previously designated as "NOTCH3"
(Sugaya et al., 1994). A phylogenetic tree of extracellular Notch/lin-12 domain was
basically the same to that presented by Fig. 9 (data not shown).

Main purpose for constructing the phylogenetic tree of Fig. 9 was to know
evolutionary relationship of NOTCH3 with other Notch genes. Since NOTCH3 was
rather distantly related with most of other Notch genes, region for which all amino
acid sequences could be unambiguousty aligned was confined to the highly
conserved regions such as cdelO/ankyrin repeats domain. Tor this reason, sequences
belonging to the same subfamily happened to be very close or 1dentical (e.g. human
Notch hN and rat Notch2). An example of the tree mcluding less conserved regions
was presented in Fig. 9 of Sugaya et al. (1994). To clarify the evolutionary origin
and {unctions of the subfamily 3, it 1s important to know whether this subfamaily
exists in other species such as Xenopus. Because of sequence diversity, the
subfamily 3 sequence may have not been detected by cross-hybridization with
Drosophila Notch probes. Human NOTCH3 sequence should be useful for detecting

subfamily 3 genes of other spcceies.



Recently, a new mouse Notch homolog has been found and designated mouse
Notch3 (Lardelli er al., 1994). Their paper has been published after acceptance of
my paper for printing (Sugaya et al., 1994). In the present thesis, the phylogenetic
tree of Fig. 9 was constructed including the newly reported mouse Notch3. The
mouse Notch3 makes a subfamily clearly distinct from the subfamily 3 to which
mouse int-3 and human NOTCH3 1n the MHC are grouped. Very recently, using
mouse probes, the same group (Larsson ef af., 1994) cloned human counterparts of
the mouse Notch2 and Notch3, and designated as human NOTCH2 and "NOTCH3",
respectively. They mapped the human NOTCHZ on 1pl3-pll and the "NOTCH3"
on 19p13.2-p13.1. Though the nucleotide sequence of their "NOTCH3" was not
reported, the gene was clearly distinct from the "NOTCH3" found by me, judged
both by its genetic position and by the partial anuno acid sequence reported.
Furthermore, the mouse Notch3 1s known to be distinct from the mouse int-3 gene.
Theretfore, existence of four subfamilies of mammahian Notch became clear, and the
gene name "NOTCH3" happened to be used for the two different human genes. To
avoid the confusion, the GDB committee has tentatively called my "NOTCH3" in
the MHC region as INT3. The phylogenetic tree presented in Fig. 9 showed that the
subfamily 3, to which my "NOTCH3" and mouse int-3 arc grouped, is most
distantly related with other Notch genes. Based on this result, 1 now think the
human Notch gene found in the MHC region to be named "NOTCH4" or "NOTCHR
(Notch-related)” rather than "NOTCH3". It is now necessary to establish a

nomenclature system of Notch-tamily genes for clarfication of confusions having



happened within and between various species.
C) Copy number of the human NOTCH3

The copy number of our "NOTCH3" was determined by hybridization to YAC-
containing yeast DNA and human genomic DNA as done for RAGE and HOX12.
Only one copy was found in the human genome (Fig. 4B). Combining this finding
with the map locations and the phylogenetic tree of Fig.9, the NOTCH3 was
assigned to the human counterpart of the uninterrupted form of the ins-3 gene. At
present, the published sequence for extracellular domain of subfamily 3 1s confined
to that determined 1n this work though Robbins e ¢/, (1992) noted, as their
unpublished data, the uninterrupted form of int-3 to presumably have Notch
extracellular domain. It should be noted that Dr Shirayoshi in Prof. Nakatsuji Lab.
of NIG cloned and characterized the extracellular domain of mouse int-3 (personal

communication),

5. Boundary of long-range GCY% mosaic domains assigned by GC%
measurement
A) Long-range GC% mosaic structures

The human MHC was found 1o be an example of long-range GC% mosaic
structurcs by extensively analyzing sequences compiled by GenBank (Release 59,
1989) (Ikemura et al., 1990). GenBank sequences have since accumulated
significantly and, to confirm the mosaic structure, human MHC sequences in a

recent GenBank (Release 80, 1994) were reexamined (IFukagawa, Sugaya, et dl.,
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1995). As before, GC% ol non-redundant genomic sequences longer than 3 kb were
calculated and arranged by their genetic positions (Fig. 10); the height of vertical
bars corresponds to GC% and the width corresponds 1o sequence length. Most of
the GenBank sequences were less than 10 kb and represented by rather thin vertical
bars. About a 450-kb continuous black zone between class 1 HLA-DRA
(abbreviated DRA 1n Fig. 10) and class 11T CYP21 does not correspond to GenBank
sequences but to the region cloned by the present chromosome walk, and GC%
distribution of the region will be focused on in this section.

Analyzing human DNA by cestum salt buoyant density fractionation, Bernardi
and his colleagues (Bernardi ¢s al., 1985; Bernardi, 1989; Bernardi, 1993) defined
five types of tsochores with different GC% (H3, H2, H1, L2, and LI in descending
order of GC%). Figure 10 shows that most class I sequences are evidently GC-rich,
with levels of the GC-richest 1sochores H3 (av. 53% GC; refer to Bernardi, 1993).
In contrast, most sequences m class I are rather AT-rich and presumably
correspond to L and H1 isochores (av. 40 and 45% GC, respectively). Class 11
sequences appear semewhat complicated though they are GC-richer than class 11
sequences; the centromeric portion seems to belong to the GC-richest 1sochores H3
and the telomeric portion to the second GC-richest isochores H2 (av. 49% GC).
Therefore, confirming previous [indings of the group to which I belong, the
boundary of long-range GC% mosaic domain (1.e. the transition between the AT-
rich and GC-rich domains) was assigned within about 450 kb harboring the junction

bertween classes I1 and 111, To clone the mosaic boundary, as extensively described



in Introduction, cosmid walking from class 1 CYP21 to class 11, and YAC and A
phage walking from class [I HLA-DRA to class [T were done, bridging classes 11
and I (Fig. 11). To analyze the base-compositional distribution of the walked area,
insert DNAs of cosmid fragments indicated in Figure 11 were purified, digested by
nuclease P1, and GC% was measured (FFigs. 10 and 12) as described 1n Materials
and Methods.

About 300 kb centromeric of CYP21, a fairly sharp GC% transition was found
(Fig. 10), and this transition from H to L isochore was named the region "L/H
transition” (Fig. 11; Fukagawa, Sugaya, er al., 1995). So far concerning the Mb-
level structures, this "L/H transition™ was most apparent. It should be noted that, at
a local level, this did not correspond to the direct transition from the GC-richest
1sochores H3 to the AT-rich isochore L, but appeared at least through the second
GC-richest H2 level (Figs. 10 and 12): A ca. 60-kb regton from CYP21, that
harbors four fifth portion of TNX gene, was very GC-rich (mostly more than 55%
GC, the GC-richest H3 isochores level) showing extension of the H3 level from the
class 11 side, and a sharp transition to about 50% GC (the second GC-richest H2
isochores level) occurred, This transition from H3 to H2 1sochore within the TNX
gene was previously reported as the "H3/H2 transition™ (Fig. 11; Ikemura ef al.,
1992). Then, the H2 level conunued about 160 kb (i.e., to the 5'-flanking region of
NOTCH3) though there are certain local fluctuations of GC% between genes and
their flanking regions (Figs. 11 and 12) as noted before (Ikemura and Aota, 198%;

Bernardi, 1989). The successive 20 kb being centromeric of NOTCH3 was mainly



composed of Alu repetitive elements (more than 25 repeats) as described below, and
the GC% was about 45% (Fig. 12). This GC% level was equivalent to that of the Hl
isochore but the domain size appeared too small to be assigned to an isochore.
Further chromosome walking from the dense Alu cluster of 20 kb to class 1
was difficult, possibly due to low density of unique sequences in the region. Thus,
cosmid walking from class 11 HLA-DRA (i.c., from the AT-rich side) to class 111,
was done (KS43, KS44, KS&83 and KS84 i IFig. 1) and, in a region about 30 kb
telomeric of HLA-DRA, this walking became also difticult though the reason was
not clear. Walking was continued using A phage libraries constructed from the two
YAC clones (YDR2 and YDR3) by lFukagawa, and he reached NOTCH3 (Fig. 11;
Fukagawa et «l., 1995). His compositional analysis of the walked area showed the
180-kb region telomeric of HLA-DRA to be fairly homogencously AT-rich and
extension of AT-rich L isochore from class 1. Just centromeric of the dense Alu
cluster found by me, he found a dense LINE cluster of 30 kb. It has been thought
that density of LINEs is high in AT-rich genome domains, while that of A/« 1s high
i GC-rich domains (Bernardi, 1989; Korenberg and Rykowski, 1988; Holmquist,
1992). In the "L/H transition” area, this general characteristic was accentuated by
their dense clusterings. There is a possibility that this characteristic is one of
common features of boundaries of long-range GC% mosaics and therefore of
chromosome bands.
B) Characteristic structures around the boundary of long-range GC%

mosaic domains already published
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To analyze the structures ncar and m the "L/H transition” area, the cosmid KS76
and the neighboring cosmid K874, that span a total of about 80 kb, has been
partially sequenced and the following three types of characteristic structures have
already been published (Sugaya et al., 1994; Fukagawa, Sugaya et al., 1995). As
noted above, at least 25 independent Alu repeats and 5 LINE-1 repeats were found.
Interestingly, I found most of the Alu repeats densely cluster in about a 20-kb
region. The 5 LINE-1 repeats also cluster in a 30-kb region. Furthermore, one
pseudoautosomal boundary-like sequence was tfound and designated "PABL"
(Fukagawa er al., 1995). The interface between pseudoautosomal regions (PARs) of
sex chromosomes and sex-specific regions is the pscudoautosomal boundary (PAB),
and Goodfellow and his colleagues (Ellis and Goodtellow, 1989; Ellts et al., 1989;
Ellis et al., 1990) reported sequences around the interface. Characteristic features
of PAB of human sex chromosomes as a boundary of functional and structural
domains, as well as a possible boundary of GC% mosaic domains and of
chromosome bands, have been extensively explained by Fukagawa er al. (1995).

Summary of the organization of the walked 450 kb, including the GC% mosaic
boundary (Fig. 11) is as follows;

[Class 11; AT-rich side] HLA-DRA - 140 kb - PABL - 30 kb of LINE-1 cluster -
20 kb of Alu cluster - NOTCH3 - PBX2 - RAGE - 90 kb - 'TNX - 70 kb - CYP21

[Class 11I; GC-rich side]

6. Other characteristic structures found around the boundary of long-
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range GC% mosaic domains

The structures mentioned above have alrcady been published (Sugaya er al.,
1994; FFukagawa, Sugaya, ef al.,1995). Other less characterized and unpublished
structures around the "L/H transition” area are explained in this section. I have
extensively characterized a segment extending about 140 - 180 kb centromeric to
the TNX gene, that was cloned by both cosmids KS76 and KS74.
1) The 1.7 kb sequence of a Pstl fragment (PN112 in Figs. 12 and 13) in cosmid
K876, that located near the "L/H transition” arca, showed evident homology with
two human ESTs (expressed sequence tag); EST0O5686 (323 nt; EMBL HS7963;
Adams ¢t al., 1993) and ESTO0737 (401 nt; EMBL HSXT00737; Adams et o, ,
1992)(Fig. 13). Interestingly, the homology with ESTO0737 was split into two
portions, and the split points on the genomic 1.7 kb sequence appeared to fit
intron/exon junctions, so far judged by mtron/exon consensus sequences. To
examine whether the 1.7 kb region is transcribed, I screenced cDNA libraries listed
in Materials and Methods, using the 1.7 kb genomic fragment as a probe, and
obtained a A clone PN112ML2 (1042 nt) from monocyte ¢cDNA library. Sequences
of portions of PNT12ML2, about 500 nt in total, were found to be homologous
(about 70% nucleotide identity) but not identical with that of the genomic probe
PN112, showing the ¢cDNA to be transcribed from a genome segment distinct from
the PN112. Sequences in the cDNA PNIT12ZML2 were also homologous with those of
the two ESTs mentioned. Figure 13 thus shows that major portions of the genomic

1.7-kb are homologous with the three separate ESTs (the two reported and the one



sequenced by me in this work), indicating the 1.7-kb region to be a portion of a
transcribable or pseudo gene. When scarched by BLASTX program against SWISS-
PROT protein sequence database, a significant homology with a probable
membrane antigen 3 encoded by saimiriine herpesvirus (VP0O3_HSVSA) was found
(38% identities and 48% positives in 95 amino acids).

It 1s worthwhile to note that a 130-nt sequence of the cDNA PN112ML.2, that is
absent in the genomic 1.7-kb PN112, showed an evident homology with the 3' UTR
of the prostaglandin-endoperoxide synthase 2 gene (GenBank HSU04636; 99%
identity m 131 nt; Kosaka et al., 1994). The homology was confined to this 130-nt
sequence (Fig. 13C), and thus the newly found cDNA appcared not to correspond to
the prostaglandin-endoperoxide synthase 2 gene itself. 1 tentatively designate the
sequence of 130 nt as MERks1; MIERs are the medium reiteracy frequency repeat
sequences (Jurka er al., 1993). A reduced level of homology with MERks1 (71 %
identity in 56 nt) was found lor a portion of the 3° UTR of human BTEB (a GC
box binding protein gene; GenBank HUMBTEB). Outside the MERKksI, significant
homologies were also found with a STS (sequence-tagged sites) of human
chromosome 4 (GenBank HUMA4STS735; 74% 1dentity in 362 nt), with ESTO5686
(EMBL HS7963; 74% identity in 162 nt) and with a sequence near tandem GT
repeat (GenBank HUMGTREPA; 67% 1dentity in 168 nt) (I1ig. 13C). So far
searched by BLASTX program, no significant protein scquences homologous with
those derived from the present cDNA were found.

2) During characterization of the 5" upstrcam region of NOTCH3 in cosmid K574,
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I found two kinds of trinucleotide microsatellite repeats; (CTG)0 (CAG on the
opposite strand) in the 3.6-kb LcoRI fragment harboring the 5' region of NOTCH3
and (ATT)11in the 10-kb EcoRI fragment within the Alu cluster (Figs. 12 and 14).
Simple tandem repeats being termed microsatellites are abundant and polymorphic
in eukaryotic genomes. Expansion of trinucleotide microsatellite repeats is an
important mechanism of mutagenesis in humans and associated with human geneltic
diseases (interestingly, mainly with ncurogenic discases): e.g., fragile X syndrome
(FMR-1; Kremer ef @, 1991), spinal and bulbar muscular dystrophy (SBMA; La
Spada et al., 1991), myotonic dystrophy (DM; Mahadevan et al., 1992), Huntinglon
disease (HD; Huntington's Discasc Collaborative Rescarch Group, 1993), spinal
cerebellar ataxia type 1 (SCA-1; Orr et al., 1993), and dentatorubral-pallidoluysian
atrophy (DRPLA; Koide er al., 1994). Four of these six syndromes (SBMA, HD,
SCA-1, and DRPLA) result from expansion of (CAG)n repeats, while expansion of
(CCG)n and (CTG)n (CAG on the opposite strand) repeats leads to FMR-1 and DM,
respectively. Thus, five of the six discases are associated with expansion of the
(CAG)n repeat motf,

The two trinucleotide microsatellite repeats (CTG) 10 (CAG on the opposite
strand) and (ATT)1 found 1 the 5" upstream region of NOTCH3 (Figs. 12 and 14)
may have certain roles of the gene expression. Noteh was originally characterized
as a neurogenic gene of Drosophila and, interestingly, genes responsible for
neurogenic diseases such as narcolepsy have been suspected i the MHC class 11 or

[l region. The trinucleotide microsatellite repeats found in the 5" upstream of
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NOTCH3 may become an informative marker useful for searching polymorphism
of this gene and possibly for correlating it with certain genetic diseases. To
ascertain this possibility, I have analyzed polymorphism of genomic DNAs from 23
different HLA haplotype B-cell lines, focusing on (CTG)io repeat locating near the
5" region of NOTCH3. The sequences just surrounding the (CTG)io repeat were
evidently biased in the base-composition and appeared to be unsuitable for PCR
primers. Thus a pair of PCR primers somewhat distant from the repeat unit was
chosen (Fig. 14 B). To sensitively detect the expected polymorphisms, PCR
products were digested by Sau3Al or Sacl followed by polyacrylamide gel
electrophoresis. Only the fragment harboring the repeat unit showed difference of
the gel mobility (IF1g. 15 A). In the case of Sau3Al digestion, four types of alleles,
as well as RFLPs (restriction fragment length polymorphism) of Sau3 Al were
found (Fig. 15 B). To make sure of the Sat3Al RFLPs and of knowing VNTRs
(variable numbers of tandem repeat units) of the Sa3 Al-undigested fragments,
analyses with Sacl digestion were separately carried out (Fig. 15 C). No RFLP
existed 1n this case, and though the mobility difference of cach allele became
smaller, I could confirm its VNTRs. Sequence analysis on VNTRs showed the
longest repeat unit to be (CTGH2 and the shortest to be (CTG)o. This difference
between the longest and the shortest allele (i.e. 18-nt difference) was smaller than
that expected {rom the mobility difference (Table 3). This may be due to a possible
peculiarity of DNA structures and/or scquence difference other than the repeat unit.

Polymorphism of this (CTG)n repeat was thus shown 1o be a usetul polymorphic
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marker for NOTCH3. Its presumable association with narcolepsy or chromosome
aberration n neoplasia (e.g., pleomorphic adenoma described later) 1s now under
collaborative examination with Dr. Inoko’s group of Tokai University. Other
genetic discases suspected in the walked arca will be discussed later. It should be
noted here that the PCR analysis for the exon 3 of RAGE gene and for the PABL
region detected no polymorphism (Figs. 15D and E).

3) During charactenization of 10-kb EcoRI fragment in cosmid KS74 within the
Alu cluster, | found a dinucleotide repeat (AT ) (GT)a(AT Y22 (Figs. 12 and 14) near
the telomeric side of trinucleotide microsatellite repeat (ATT)11. In the porcine
genome, Wilke er al. (1994) have shown that the majority of (GT)n repeats are
either associated with SINEs or simple tandem repeats. A similar association with
dispersed and tandem repeats was also known for human and bovine minisatellites
(Armour et «f., 1989; Kaukinen and Varvio, 1992). Tts dinucleotide repeat
(AT)a(GT)a(AT )22 found by me was also located near the Alu sequences, confirming
the previous notion about the clustering of dispersed and tandem repeat types in
mammalian DNA. Though the functional significance of these dinucleotide repeats
18 not clear, it is known that such dinucleotide repeats can form unusual DNA
structures such as Z-DNA and 3- or 4- stranded DNA under physiological salt or
pH conditions. Distinct repeat types have been proposed to be involved in a number
of different cellular processes, including recombination, regulation of transcription
and chromatin folding (for review on their structures and functions, see Vogt,

1990). However, their precise function (if they exist) and potential functional
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mteractions between associated repeat types remain 1o be elucidated.

4) Within the 20 kb of dense A/u cluster, 1 found also a sequence of ca. 270 nt
homologous with the 5" flanking region of CD22 gene (EMBL S61408, 68.2%
identity; tentatively designated MERks2; TMigs. 12 and 16). The CD22 gene was
mapped on chromosome 19, and around the gene a large number of Ay elements
were found (Wilson er al., 1993). Both positive and negative regulatory effects of
Alu elements on transcription of genes such as CD22 and e -globin genes have been
proposed (Wu er «l., 1990; Saffer er al., 1989; Oliviero et al., 1988). The Alu
elements, as well as trinucleotide repeats mentioned above, may have a certain
regulatory role in the NOTCH3 transcription.

5) Within the 10.5-kb EcoRI tragment harboring LINE-1 repeats, 1 found a
sequence of ca. 430 nt highly homologous with a segment of V region of TCRB (T-
cell receptor 7 chain gene; GenBank HUMTCRB, 79% nucleotide identity in 429
nt) and of PZP (pregnancy zone protein gene; GenBank HSPZPA | 68% identity in
342 no) (Figs. 12 and 17). Somewhat lower homology was also found with a
segment ca. 90 kb upstream of TCRB (ca. 65% identity in 382 nt), a STS of human
X chromosome (GenBank HUMSWX270, ca. 81% identity in 85 nt) and an intron
of retinoblastoma susceptibility gene (GenBank HUMRETBLAS, ca. 61% identity
in 401 nt). These should be assigned as a new class of MER and were tentatively
designate it MERks3. Since a much reduced level of homology was found with the
5" end of LINE-T repetitive sequence (GenBank HSKPNIO3, ca. 58% identity in

279 nt), this MER may have been derived from a certain LINE.
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V. Discussion

I. Newly found genes with respect to disease related genes

Using a 2P-labeled cDNA library and hybridization techniques, Campbell and
his co-workers (Kendall ez al., 1990) found MHC class 111 to be a very densely
gene-packed region of the human genome, and predicted, in 140 - 170 kb
centromeric of CYP21, several expressed genes (G16 - G18), though no sequence
data were available. The new genes in the present work may correspond to genes
predicted by the hybridization experiment, judging from their positions. In a region
80 - 130 kb centromeric 1o CYP2I (ie., between TNX and RAGE genes), they
predicted genes designated as G13 - G15 (Kendall er af., 1990), and reported a
partial sequence of G13 ¢cDNA (Khanna et af., 1992); 1 did no studies on this
region. They found another gene, GY9a, about 150 kb telomeric of CYP21 (the
opposite side to my chromosome walk), and showed 1t to encode a protein
containing cdel(/ankyrin repeats (Milner ¢f «f., 1993). The cdelOfankynin repeats
of this gene exhibited signii'icant homology with those ot Notch-homologs though
other Notch domains such as Notch/lin-12 cysteine repeats and EGF cysteine repeats
were absent. It should be noted here that very recently, Campbell and his co-
workers (Aguado and Campbell, 1995) showed that the gene G17, which was
assigned to 250-kb tclomeric of the class IT gene DRA, encodes PBX2. Also, after
my publication (Sugaya et «f., 1994), Vissing er af. (1994) assigned RAGE ¢cDNA to
chromosome 6p21.3 by using FISH.

MHC genes including class HI genes influence susceptibility to a wide range of
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diseases (Klein, 1986), and the newly found genes and closely related ones may
influence certain diseases. Human NOTCH3 was assigned to the counterpart of
mouse mammary tumor gene inf-3 being thought important to cell differentiation
and tissue construction. Transgenic mice harboring int-3 DNA fragment showed
deregulation of normal development and hyperproliferation of glandular epithelia
in salivary and mammary glands (Jhappan er al., 1992). One chromosome
aberration observed in neoplasia was located on human chromosome 6p21-p22.
This was a t(6;8)(p21-p22;,q12) translocation and resulted in pleomorphic adenoma
in the salivary gland (Mitelman e @f., 1991). As found for Philadelphia-positive
acute leukemias (Ph1* bers AL) caused by a chromosome translocation
1(9;22)(q34;q11) (Chen ¢z al., 1989), Alu sequences may be involved for the
translocation. In this connection, 1t 1s mteresting to note that the YAC YDR2 and the
cosmid KS76, having the 5" upstream region of NOTCH3 and the Alu clusler, were
rather unstable, producing smaller versions ot an initial clone during culture,
Possible involvement of NOTCH3 gene in this neoplasia 1s now under collaborative
cxamination with a group of Tokal University.

Recently, Larsson et al. (1994) reported the chromosome localization of the
human NOTCH?2 and their "NOTCH3" as Ipl3-pil and 19p13.2-p13.1,
respectively. Because mice counterparts of these two genes ave structuraltly very
similar to the Notchl that is the mice counterpart of human TAN] (acute T-cell
lymphoblastic leukemia), they suggest that these human genes may also be

oncogenic if truncated in a fashion similar to TANI by translocation. They
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discussed the possible involvement of these genes in chromosomal rearrangements,
mentioning human neoplasia-associated transtocations related to Ipl3-pll or
19p13.2-p13.1, where the Notch genes were located. Then, all NOTCH genes arc
suspected to be proto-oncogenes and candidates for the sites of chromosome
breakage 1n neoplasia-associated translocation, This view 1s consistent with my
previous proposal that my "NOTCH3" may be involved for neoplasia-associated
translocation (Sugaya et al., 1994).

Linkage between MHC and diabetes has been intensively analyzed. In diabetcs,
formation of advanced glycosylation end products of protein (AGES) is accelerated,
thereby contributing to pathogenesis of diabetic angiopathy (Schmidt ef af., 1992).
The receptor gene for AGEs in the MHC may influence diabetic complications, and
therefore the linkage between MHC and dhabetes should be studied also in this
respect.

2. Gross similarity of genes on 6p21.3 and those on 9¢33-q34

The human gene most closety related to NOTCH3 1s TANI having been
precisely mapped on 9¢34.3, the gene related to HOX12 is PBX3 roughly mapped
on 9q33-34, and that to TNX gene is HXB (the tenascin C gene) on 9g32-q34 (Table
4). This linkage similarity between the two sets of genes should reflect a common
evolutionary origin, and appears 1o be part of paralogous chromosomal segments.
Not only the four genes found by the group to which I belong but also the
following genes on 6p21.3 were also found to have counterparts mostly mapped on

9q33-q34, by searching human Genome Data Base (GDB). As listed in Table 4,
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VARS2 (valyl-tRNA synthetase) is on 6p21.3 and VARSI (valyl-tRNA synthetase)
on 9; HSPAT1 (heat shock 70kD protein-1) on 6p21.3 and GRP78 (glucose-regulated
protein) on 9q33-34.1; C2 - C4A - C4B (complement component 2 - 4A - 4B,
respectively) on 6p21.3 and C5 (complement component 5) on 9q33; COL11A2
(collagen X1, « -2 polypeptide) on 6p21.3 and COLSAL (collagen V, a -1
polypeptide) on 9434.2-34.3; RXRB (retinoide x receptor, 7 ) on 6p21.3 and RXRA
(retinoide x receptor, a ) on 9q34.

The similarity between the two sets of genes mentioned should have been
brought on by genome duplication and thus gives a realistic knowledge concerning
evolutionary processes to built up the present human genome. The similarity also
useful for finding undiscovered genes, especially candidate genes responsible for
genetic disease, suspected in the walked area when possible hybridization probes of

the respective counterpart were available.

The MHC region is evidently polymorphic, and various gene multiplications and
deletions are noted. Large scale of Alu clustering and GC% mosaic structures may
be related to the characteristic nature of this region. Iris ef «f. (1993) found 40 kb
Alu dense clustering regions near the opposite end of class II1, that borders on class
. Although the exact junctions of class [, Il and 11T have not been characterized in
detail, class Il seems to be surrounded by large-scale dense Aluw clusters at or near
both ends. This may be related to evolutionary processes to built up the MHC.
Transcriptional directions ol NOTCH3, HOX12, RAGL, and TNX genes were the

same (from centromere to telomere). This may be related to direction of DNA
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replication and/or regulation of gene expression,
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DRA CYP21

Fig. 1) Molecular map of contiguous cosmids and YAC clones that cover junction of MHG classes |l and
. Ordered cosmid clones are represented by horizontal lines with vertical bars indicating EcoR| sites.
Hatched boxes indicate iocations of NOTCH3, HOX12 and RAGE genes and biack box, that of
tenascin-X gene (TNX). Arrows show directions of transcription.
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sites for transcription factors are underlined. The 3' UTR sequence of HOX12 is written in italics.
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Fig. 4) Southern blot analysis of YAC and human DNAs. (A) For each lane, 5 ug of YDR2- or YDR3-carrying yeast
DNA was digested with EcoR|, separated by etectrophoresis on a 1% agarose gel, blotted onto a Hybond N nylen
membrane and hybridized with *P-fabeled KS83 or KS75 probe. (B) For each lane, 10 pg of human genomic DNA or
5 ug of YDR2-carrying yeast DNA was digested with the restriction enzyme mducated electrophoresed, blotted and
nhybridized with *P-labeled RAGE, HOX12 or NOTCH3 probe: B, BamHl; Bq, Bgfl; D, Dral; E, EcoRl; H, Hidlil; P,
Pstl; Pv, Pvull; K, Kpnl. Positions of probes are listed in Fig. 2A or Fig. 6. For stnngent washmg filters were washed
at 65°C in 0.1 x SSPE for 15 min. Size in kb is indicated on the left Owing to difference of electrophoretic conditions,
the smallest two Pvull bands observed for YDR2 by hybridization with HOX12 probe ran off the gel for human DNA.
See FIG. 4 of Sugaya ef al. (1994) for a figure with a better quality.



Fig. 5} Direct R-banding fluorescence in situ hybridization of cosmid KS72
onto (pro)metapnase chromosomes. Arrows indicate signals on 6p21.3.
See FIG. 5 of Sugaya et all (1994) for a photograph with a better quality.
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Fig. 6) General organization of Notch-family genes and locations of human NOTCH3 sequences
determined. Genomic sequences {f1-{7) are indicated above the schematic representation and
cDNA sequences are below the representation. Positions of functicnal domains showing the
highest homology with individual genomic sequences are connected by slant lires. EGF-like
repeats occur more than thirty times in Notch gernies and positions showing the highest homology
with NOTCH3 differ between species, and therefore positions of the highest homology with TANT
are connected by dashed lines.
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Fig. 7) Alignmenl of nuciectide and amino acid sequences between human
NOTCHS and mouse int-3 Arrows indicale intron-exon junclions. Identical
nucleotides are marked by ~ and amino acids are lisled abovo (for NOTCH3) or
bellow (for int-3 ) the nucleotide sequence. Aming acid and cDNA nucleotide
positions of int-3 arc listed on the nght according to Robbins ef al. (1992). (A)

Genomic sequence is [rom (5 (0.7 kby of Fig. 6; {or introns

. about 20 5t surrounding

the exon are presented in this and the foliowing figures. PEST and cdet0/ankyrin
sequences are underlined and the inter-domain sequence is by a broken line.
CDCAC-1 is the first repeal in edei0/ankyrin repeats of mouse int 3 (Robbins ef af.
1982). (B) Genomic sequence is from i6 (0.9 kb)Y, This CDC10 1 sequence is 3
porticn of the first edet0/ankyrin repeat and continuous from that of (A) at cONA
level, showing COCI0-1 interrupted by an amtron. (C) Genomic sequence Is from {7
(1.6 kb). COC10-6 underlined s the last repeat in cde1d/ankyrin repeals.

Inter-demain sequence is underlined by a broken line.
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Humapn NOTCH3 CQSQPCHNHGTCTPKPGGFHVRCPPUIVGLRCEGDVDMCLUQPCHPTGT
Rat. Notoehl SREPKCEFNNGTCVDOVGOY TCTCPPGEVGE GDVNFCLSRPCDERGT 12861 61.2%
Mouse Notchl SRSPKCPNNGTCVUQVGGYTCTCPPGIVGERCEGDVNECLSHPEUPRGT 1781 Gl.2%
Human TAN] SRSPHCFNNGTCVUQVGGYSCTCPPGFVGERCHGDVNFCLSNPCDARGT 1287 o924
Drosophii la Notoh CKPCACHHNGSCJURVGCFHCVCQPGFVGRRCHGDINECLSNPCSNAGT 137 7 1%
Xanopus Xoltaoh TLEPKCEFNNGRCIDRVGGYHC LCPRPGEVGRERCEGDVNEC LSHPCBSRGT 78] 55 1%
Aebralisty Nolcoh TGEPRCFNGGHCVURVGGYGCVUPAGPVHHRCEGDVNECLSDPLUPSGS L2y 53.01%
Rat MNotch2 AGAPHCLNGGQCVURJGGYSCRCLPGFAHHRCHGDiNE,LSNPCSSEGS 1278 4¢, 0%
Mouse Mot chis AGGPHCLNGGQUVDRTGGY TCRCLPGEAGERCEGD INECLSHPCSSEGS 961 46 9%
i A & * * & * * K A * * ok oA k% kxR LI A

B
Human NOTCH3 DOYCHDHFHNGHCERGUNTAECGWD
Human TAN] DOYCKDHESDGHOBOGUNS ARG WD 1557 12.0%
Rat NoLchl BRYCKDHESDGHCDOGONSAEC WD 1557 12 0%
Mouse NoLchl DOYCRDNESDGHTDOGUNS ARG WD 1557 172.0%
Xenoepus Xolch DOYCHKDHEQDOHCDOQGUNNALCE WD 1Hhe  72.0%
Rat Motch?2 BRKYCADIHIKDNHCDKGORNEECGWD 1530 68.0%
Mouse Motchi® DKYCADHF KDNUCLO 1203 53.3%

Zebrafish Notch DOYCROHYADGHCDOGONNAECEWD 1555  68,0%
Drosophila Notch DAYCOKHYGDGFCDYGCNNAECSWD 1588 56.0%

LI * * Ak Aok Kk

Human NOTCHAI AEETGPPSTCQLWSLSGGCGALPQAAMLTPPQESEMEAPDLDTRGP

Mouse int-3 AEETASASRCQLWPLNSSCGHLPQAAMLTPPQECESEVLDVDTCGP 166 G743
A AR oA F A KA A * ok KA Ak A kR AA Ak K - A LR A %
D

Human WOTCH3 DGVTPLMSAY

Mouse int-13 DGVTRILMSAY 176 100.0%

Human TAN] DGETPLMIAS 1888 70.0%

Rav Notent DGETPLMIAS 1874 10.0%

Mouse Nouchl DOFAIPLMIAS gy /0.0%

Zebrafish Notch DGETPLMIAS 1876 10.0%

xenopus Xolch DGETPLMIAS 188L 10.0%

Human HNotch hN DGCTPLMLAS 29  10,0%

Rar NotchZ DGCTPLMLAS 1836  70,0%

Drosophila Wotch CGLTPLMIAA 1909 60.03%

A AAAR &

E
Human NOTCH3 EQTPLFLS—AREGAVHVAQLLLGLGAARELRDOAGLAPADVAHORNHWDLLTLLEG*~——
Mousae int--3 MQTPLFLAVVVHGAVKVAQLLLELGﬂhRGLRUQAGLAPUDVARQRSHWDLLTLLHG**-— 05
Drosaphila Nolch DP‘PLFLA*AREOSYRACKALLUNFANRFlTDHMDRLPRDVASFRLHHDIVRLLUE—HVP 2141
sebiralish Notoh FPTPLFLA"ARﬁCSYHTAKVLLDHLAHRDIADHLDQLPRDEAHERMHHUIVRLLEHYNLU Ai0/

Humarn Natoch hw Bl VLPLA"AHFGSYHAAH[LLDHFANRD[TDHMDRLFRUVARDRMHHH!VRLLDEYMVT 261
Ral NoLoh? 95 ”LA*ARHESYNAAHILLDHFANHUITUHMURLPRDVARUHHHHU[VRLLDEYNVT AUp9
ltumars AN ! 'LA*AHEUUYhTAHVLLDHYﬁNRU[THHMUHLPHUIAflHHHHUJVRlL[ﬁYNLV 2T1H
kol Hotah] [ ”{A"ARMBSYVTAHVM&UHFANHHJTUHMDHMVHJIAQhRMHHDiVRLLDPYNiV 2104
|
t

XKONDpLs Aol ! .A"ARPLSYYIAKVLLUHYANHD]TDHMUHLPRU}AUHRMHHUIVHLLUEYHLV 2U16
Mouse Novchl “JSLPLS-lHHESYETAKVLLDHVANRUJTUHMUHLPHUiAQERMHHDIVHLLUEYNLV 2108

LY A LY A 4 = ® 1 ] A A ® "k

Humarn NOTCH] AGEE - —EARHKATPGREVGEFPRART - - -~ ¥SYSY

Mouse int-3 AGPTTQEARAHARTTPGGGA~ ~ —ARA- ~ == KGROC L 431 .74
Drosophila Notech RSPOMLAMTPOAMIGSPER -~ -~ - - -~ -GOOOPQL 2167 15.7%
debrafish NolLoh REPP LY === == - LSPPLOCCEN-TYLGIKPSPEG 2132 42.1%
Human Notch hN PSPP--GTVL -~ TSALSPVICGPNRSF LS - - - —— 206 32.1%
Rat Netch? POSPE= -GTVL- = TSALSPVLCGPNRSFT, = 2059 32014
Human TANI REPQLUGAPLGGTEPTLEPPLOCSPN-G: ~———-wwe 2144 249.8%
Rat. Notehl REPOLHGTALGGYP T LGP TLOS PN -G - = - - - 21134 29.8%
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Fig. 8) Comparison of amino acid sequences with Notch-homologous proteins
found by searching PIR. idenlity levels (%) with human NOTCH3 and amino acid
positions of reported sequences are indicated on the right. Multiple alignment of
amino acid sequences was conducted by MALIGN program (Hein, 1980) of
DDBJ. Identicai amino acids are marked by *. (A) Human NOTCHS3 seguenceis
from 13 region of Fig. 6 and thus in EGF-like repeats. (B) NOTCH3 Sequence is
from f4 and in Noich/lin-12 repeats. + Molch B has been partially sequenced. (C)
Sequence is from (5 and that listed in Fig. 7A. (D) Sequence is from 16 and listed
in Fig. 78. (E) Sequence is from {7 and listed in Fig, 7C.
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Fig. @) Phylogenetic tree of intracellular domain of Notch genes.
Amino acid sequences translated from cDNA sequences were
analyzed using N-J method (Saitou and Nei, 1987). The branch
lengths indicate the evolutionary distance between the difierent
sequences.The Human NOTCH3 is not the human counterpart
of the mouse Notch3 recently reported by Larsson et al. (1994).
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Fig. 11) Molecular map of contiguous cosrmid, . phage and YAC clones that cover juncticn of MHC classes Il and iif. Ordered clones
are represented by horizontal lines with vertical bars indicating £coRi sites: cosmid clones (M, KS, F series} are indicated by thicker
horizontal lines than . phage (P series} and YAC {YDRZ2 and YDR3) clones; the terminus of YDR2 has not been identified. The two
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PABL1 was found in P515PT5. LINE-1 cluster was partially sequenced and at least five independent LINE-1 repeats were found.
Clones used for GC% measurements are marked by #. This figure was taken from Fukagawa et al. (1995).
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AAAATCATGT

ATGGOLGGEAT CRGCIAATEA

CAGANTGOGC

LCCACTCTCT
TTTIGAGT AT

TTTGTAATGR

CACTGTCTTIG

TTOETTGLAGE

MGOATOTTGAH

TATAAAAATG

GGACCCTTAN

ATLTCTCTTT

TIGOGGATCT

3 -
TP TGGEAT

CTOTTTTGRTC

TTCOAGLITGT

GUCTGCTCAT

TCOLUTRTGE

ALMCTOOATG

CTTTCCTGGE

CCTGTTCCTC

TAMACAGCTCC

ACCCTGAAGC

CAMTAATCCA

TCTTUPGCTS

ACARNBACCTG

ANTTAAGAMAC
GOANTTTGOG

TGOGARATGA
TTOIGTATGE

ANKATCTTAC
GRATGTTICH

ARCTATTGGA
GTGCCTCAGA

4
CABRATGTGTA

TTTAACTTAT

GIAMNAGATA

MOTCTGGAAR

TAAATGTUTG

TTTATTTTTG

TC

LACTATTAMA AAAACGGAAT

Fig. 13) A genomic 1.7 kb sequence near the "L/H" boundary showing evident
homology with three ESTs. (A) Three ESTs are indicated above and under a
line representing the genomic sequence PN112 (1729 nt). Above
EST00737 (401 nt; GenBank HSXT00737) and EST05686 (323 nt: HS7963):
Under, PNT12ML2 (1042 nt). Homologous regions are indicated by thin
horizontal lines with nucleotide identity scores and connected by dashed
lines. Aluelement is indicated by an arrow. (B) The localion of the 1.7 kb
genomic segment (PN112} is shown in Fig. 12. Homologous sequences are
underlined, and Alu elemenl is in italics. {C) Nucleotide sequence of
PN112ML2. Portions homologous with known sequences were underlined
and numbered: No. 1 shows homology with a sequence near tandem GT
repeat; No. 2, a STS of human chromosome 4: No.3, EST05686; No. 4, 3
UTR of prostaglandin-endoperoxide synthase 2 gene.

65



GATCTTGGCT
CAARGTAGCT
TAGAGACAGHE
CCACCTCCGC
CTTCTTTATA
TTGTAAATGC
GCTCTGTTGC
AAGTGATCCT
TGGCTAATTA
TCCTGGGTAA
GAGACAGATT

GATCARCAAM
ATCACCTGCC
ACAGAAGGCC
CTAGGGTGTC

CACTGCARACT
COARTTACAL
GTUTTCACCAT
CTCTUCAAGT
TCTTCCATTT
TTGTVTAAATG
CCAGGCTGAR
CCCACCTCAC
ANADCATTTT
TTATTATTAT

TCTGCCTCCC
GUATCTGCCA
GTTGGECAGH
CCTGGEAT A
CTTTGCCCRA
TroTTrrTTT
ATGCANTCAT
CCTTCAMGTA
TTETTTCCAA
TATTATTATT

AGGTTCAMG'T
CCATGCCTGE
ATGGTCTTORN
CAGGTETGAR
ATTPCTGETT
TTPTrCeTrr
GGCTCACTGC
GCTGGTACCA
GGGGCTGGGA
ATTATTATTA

TCCCTATGTY

CAGCACCGCT
CTCCAGGCAC
CCTrCCTyCAT
CAGGACHTTO

GOTGGGCAGA

GGGACTGCCC
ACCGTCCTAC
CCCCCCTAGT
TR ACTCAG

GCCGAGCAGG
CTCTGAGGGT
ATGCAGCCCC
GTCAGACCCA
GATGATCAGT
GGAGGACATT
GAGCTGCTTT
CACCTCCAGG
AGGGGAAGAG
TGGGGACHTG
CCCCGGATTG
CATTCAACCT

GATCATCCCA
ATCTGCTGRG
AARGRGATT AN
BAGTTACACA
MIATATATAL

ALGANGAUGE
CCCTGCCTGA
CTTCACTGCT

GCAGTGGGAL
AGAGGGACAG
GOPECTGETG

ACTTCCGGGT

AGGGGGTTICC
TTCCCCCTAC
CTTCCTCCAC
GARNCAGCTC
CAGAGGAGGT
GGTACCGGGE
CIOUTGOTGE

GAGGTGAGGC
GGLGETGOGGEE
CTCACTGCCUC
GGGCCTGGTG
ANGRACCTCG
GGAACACACT
ARAGGTCAGG
GCTCAATGCT
CCCCGGGAGH

CTGCACTCCA
CACCTACTTN
AGCAACTEET
ARGARATATAT
AUATCTCCAA

ATGGUGTGEGE
ARAGAGGGCC
NANTAGAGARC
CCAGGGGTGE
TCAGCACTGL
GACCACCTGE
CCTACTAAGE
TCLGLCTTTC
CRAC

GUCTGGGETGA
GIGTGGCTIAC
CTCGTAGRAGU
ATLIGTGTOT
CTasATATAT

TGAGGTGAGG
ARGUCCCAGG
GGCUTCCAGG
TCACTGCTGG
CACTGGAGGA

GATTCTCCTG
CTAACTTITT
TCTCTGACCY
COACCTCACT
TTCATTTGLT
TCTTTTTGAG
AGCCTTGARCC
CAAGTACACA
CCACAAGTAC
ITTTGGTGET
CAAG

GAGATTCCTT
TTCCCCAGGG
TCTTCCTCCG
AGACGTGAGS
GGCTCCTG:
CTTGGAGAAG
PGCTGCTATG
GGACCCAGCT
CCOTGTGAGS
GAAAGACGGC
GCGOATGGETG
CTCTTGCAGC

TTGLGGAGGA
CCTTTTCI A
CGGGAGGAARA

CAGAGUAAGA
TCTTCCAGGT
TUTCATNCTA
ATATATATAT

GATGCAGAGEG
GUCCAGCTTSG
TCTCTTCCGA

CTCCGTCTCA
CCTGGGGGAN
AAGAMBGACA
ATNTATATAL

CCTCAGCCTC
GTATTTTTAG
CATGAGCCGH
TEGCCTGATT
TCAAGAGACT
ACKAGGTCTT
TCCTAGGCTC
CCACCATGTC
ACACTACCAT
CPTTTTTGGA

CTCCCCTCCT
GTTGTCAGGG
CCCCCCATTA
CITGCAGCAG
CCAGTGAGAG
GGGCTGTGGA
TGTCTCAGTG
CCCTTAGGAG
GATGOTGGAT
TCTGCCCATS
AGAGCGTGCC
CATAGGGAAG
AAGUAGGAGA
TCCCCACCCC
AGTCTTCAGC

AAARAALRALA
ACACAARAGCA
GAABRATAAGT

ATATATAE AT

AGATGCATAT

ATCTAG

Fig. 14) Trinucleotide and dinucleotide microsalellite repeats on the 5
upstream region of NOTCH3. (A) (ATT}11, (B} (CTG)10, and (C)
(AT)a(GT)a(AT)22 repeats are underlined. Primer sites are indicated as
arrows,
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Fig. 15) Analysis of microsateliite alleles of {CTG)w repeat region. PCR reactions were carried out an
genomic DNAs from 22 cell lines; 1. MGAR, 2. OMW, 3. COX, 4. MADURA, 5. OLGA, 6. RSH, 7. BSM.
8 SAVEC, 9.D0208915, 10 MANIKA, 11 BM15, 12, AMAT, 13, PE117, 14, DEU, 15. PFO4015, 16.
SPO010, 17 BMS2 18 BTB, 19. LUY, 20. HO104, 21. QBL, 22 AKIBA. (A) The restriction enzyme map
of a chromosomal region flanking of the (CTG)w repeal, which sequence was delermined by subcloning
cf cosmid clone K574, are indicaied. Vertical bars and numbers indicate Sauv3Al and Sacl sites.
Ohgonucleotide primears corresponding to chromosomal regions flanking of the (CTGie repeat regton are
indicated as arrows, and their sequences are indicated in Fig. 14. PCR reaction condition are described in
Materials and Methods. After PCR reaction, products were extracled by phencl/chlorolorm, and were
digested with Sau3Al (B) or Sacl (C) These products were analyzed by electrophoresis on a 8% {wiv)
polyacrylamide gel. Allele analysis of HAGL exon 3 region (D), and of PABL (). Oligonucieolide primers
correspending to these chromosomal regions were designad as follows: RAGE: 5-AAC ACA GGC GGG
ACA GAA GC-3', 5-GGT AGA CAC GGA CTC GGT AG-3'; PABL: 5-CTT ACT CTT TGC CTT AC-3,
5-ATG CAG ATG AAC TGA GA-3'
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A

CTGACACACC
AGTGACACTG
CCAGCTTCCT
TCCCCACTCA
CTGAAATAGA
CITTGGECCAG
GETTTTCCAG

CTGNCTGAGA
GGTTGTGATG
ACTTGCTGGG
TCCTTTATTG
GTAGTCATYG
AGACTYTCCG

GAGTAAGAAN
GAGGOGGATT
GNNGGGGTHNN
GCAGATATGE
TCTAAARGTY

_QGATT 1!1 TTTT

CACCTCATITC
TCATACCACC
CCTCANCTGG
GGGTGAGAGT
TTGICTTTCC
CATCTTCCTS

CTGTTCCCCA
CNVSRNGGGG
GTGGGAGTTG
GTTTTTTTTT
AGGATGTTCC
TTCOAGTTTIC

CGGGGTCKCC
GCTGAGAGTC
ATGGCTAAAC
TTTTTTTTGC
TTTGCTTGGTC
CTOOTTGCTG

CACCCAGTCT

TOTATATATG

AGGCAANMEC

CRAACCCRGE

GAACTCRCCH

CTATATIGTT

TITTCAGGTC

TTEAGATTCC

TAGCCAGTCT

GECTTCTCTG

CATCTTTCAG

GATCTTCTTA
AATCAGAMNGDH

TGITTGTTTT

ATATNTACCAH

GCATCTACGT

caTerrareT

AMRBACATTCA
AGAAARLTGA
GCCGAGGTGG
AACCCCATCT
CCcAgCcracrTy
TGAGCTGAGA
AAAAAABADN
TAAGAATTCA
GTCCCCGGGT
CCNTCANATC
TTATCNANTA
ACCNGGGGGG

B

-3557

ACACAGATTT
BAGCAGGCCG
GCGGATCACC
CTACTAAAAA
GOGAGGCTGA
TrGCGCTEeT
ANBANNALRG
TAGCAGNGTT
ACCGAGCTCG
CCAAANARTT
ATGOGTGGGE
GTGGTTGGGT

TCCATATGAC
GGIGIGGETGE
TGAGGTCAGG
TACAARAATY
GGCAGGAGAA
GCACTCCAGC
NARGAARDAWT
ATTCACAATA
ATTCCGGATC
CGNGCCGGAG
COCNTGCONTT
NCCTTCC

TOCOAGGATIG
TGHGAGCTTGA
TCAGCAATTG
CTCATGCCTG
AGTTTUAGAC
AGCTGGGCAT
TCACTPGAAC
ATGGGCAACA
GAAAGCGTWT
GGTNTGANGT
ATGGGCATGN
GATAAGTNTA
CNGUCNGAACC

TAGCTGIATT

TAGCAGUEAGH

AGGCAGCTGG
GGTTCCTAGG
TAATCCCAGG
CAGCCTGACC
CCTGGTGCAT
CCAGGAGGCG
AGAGCARAAC
NGTCCACACA
AARACAANCCA
THTTCCTGNG
AGCCCGGGNG
NTGGCNNTTA

TTAAGTCCTT
TATCTACCTA
AATTTGGGAG
AACATGCAGA
GCCTGTARPC
GAGGTTGLGG
TCTGTCTCAA
ARNTACTKGTN
ATTTTCCATG
TGAATTGTAT
CCATGNTGGH
ATTATNNCNC

I << -«

—

CD22 promoter region

Fig. 16) A genomic sequence highly homologous with the 5' flanking
region of CD22 gene. (A) Genomic sequence homologous with the 5'
flank of CD22 gene is underlined, and Alu elements is in italics. (B} The
sequenced genomic fragment is indicated as a horizontal line above the
line showing the CD22 promoter region; the number 1 corresponds {o the

translation start site of CD22 gene. The homologous regions are
indicated by black boxes above the individual lines, and Alu elements are

by arrows.
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ARCATTTACT ACTGTAGATT GCCAGGCCAA GATGGCTGAT TAGANACAGC

TATGGTCCAC

AGCACTCACA GAGAGGAACA AARAGAGGCAN GTGALNTACAG CATCTTCAAC

TCAMATATLC

AGGTACTTGE ATTGOGGACTC ATCAGGAMAR CAAMCTCGACT CACAGAGAAT

AAAGAMDAGC

TCGATGLGGE GACAGCCCUC CTGGOAGCGA CACAGAGUCA AAGGANACCCC

CACTCCOAGC

CAAGGGAAGA AGTGAGTGAT GGTGCGACCT CAGLGRAACCA TGCTTCYCC

NTGGATCTTT

GUGACTGOTE GATCAGGAGA TTCCCTCATG AGCCOATGEE ACCARGGCCT

TCLGTCCGEAC

ACACACACAG CTGTGTGGAG TCTTGGCAGA GUAGCTGOTC AGACACACAC

AGAGACCCAC

GAGCTTTACK TACTCTGGOC CAGGHLOGGAG COUNGGAAGS GUCCCARABRT

AGATC

Fig. 17} A sequence highly homologous with several reported sequences. Sequence
homologous with a segment between TCRBVSS?2 and TCREBVESS of V region of

human T-ceil receptor beta locus is underlined.
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TABLE 1
Exon-Intron Organization of the RAGE Gene
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Transcription start site has not been determined.



TABLE 2

Exon-Intron Organization of the HOX12 Gene

Exon Sequence at exon-intron junction and intron size (nt)

Z
O

position

T
=
L o
R

5" splice donor (nt) 3" splice acceptor

Il

1 <G70T7-119282 0 »4972 CAGC GCC A2g toga gty 801 ctccca aglG RBACAC
Z 2160-2173 74 AARACT Cgt atg tgg 218 atgcta gGC CTCAGC
3 2352-2639 248 IAT GAG CAG gta agg 100 ctacag GCA TGTAAT
4 2740-2530 121 GAT GCC ACGg tgg gec L83 ctc tot agh CCARAG
5 3114-324% 126 GTC TCT CAC gta tta 251 cca cag GTC TCCRAC
& 3501-2654 124 TCT GCA Ggt gga tcc 336 cca caa gGC TCTGEGC
7 3991-4079 29 GCT TCC CAC gtc aga 122 ctgcag GTC CRARTC?
8 4202-4288 87 GAR ATG RGC gtg agt 122  ttt cag GCAR ARTGGC
S 4218-6146 1729

Transcription start site has not been determined.



TABLE 3

Properties of allele analyzed cell lines

No NAME A v B B4/e Bf g2 C4A ¢4 DW DR QW2 DBWS2/53 DQ pP GLO (CTG\n/Sau3Al HLA DISEASE
1 MGAR 28 7 8 & S 2 15 < 4 1.2 Fz

2 OMW 2 . 45 6 18 13 24 52 8 1 2 S

3 COX 1 7 8 6 S c Qo i 3 3 24 52 2 3 2 F4

4 MADURA 2 10 60 6 8 8 52 4 4 F1 21 HYDROXYLASE DEFICIENT
5 OLGA 31 10 62 6 8 8 52 4 3 F2F3

g RSH 6830 2 42 5] F C 1 Qo N 3 24 52 4 1 i F2

7 BSM 2 g 52 6 S C 3 3 4 4 53 8 2 F3

& SAVC 3 7 7 6 4 q 53 8 - 1 £3

a Do2082815 25 18 5 S Qo 4 2 2 15 3] 24 Fz C2 DEFICIENT
10 MANIKA 3 - 50 5 7 53 273 NT S

i BM15 1 7 42 4 5 11 25 52 7 3 s

12 AMAI 28 4 53 q4 2 15 5] - F4

13 PE117 24 10 0 3] 14 4 53 g 4 F3

14 DEU 3 4 25 6 4 4 53 7 4 F3

15 PF04C15 i 8 6 3 24 52 2 14 F4

16 SP0O010 2 5 44 4 DB2 11 25 52 5 2 F2

17 BMa2 25 1 51 4 14 4 53 8 - S

18 8T8 2 1 27 4 8 8 52 4 4 F3 Mc BECHTERW
18 LUY ? - 51 4 8 8 52 7 1.4 S

20 HO104 3 7 7 <] S C 3 1 15 & 4 F3

21 QBL 26 75 18 6 3 3 25 52 2 2 F3

22 AKIBA 24 63 52 i2 2 1 F3

23 KS74icosmid) F3

Note. The column "(CTG)n/Sau3Al" lists the polymorphism in the (CTG}n region shown in Fig. 15. F1 indicates the shortest aliele: F2. the second; F3, the third; F4, the

longest ong; 3, the RLFP of Sau3Al. The allele of CLGA is haterozygous.
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TABLE 4

Gross similarity of genes on 6p21.3 and those on 9q33-g34

6p21.3 chromosome 9

Gene/lLocus Physical Location Gene/Locus Physical Location
VARS?2 6p21.3 VARS 9
HSPA1, HSPA1L op21.3 GRP78 9033-34.1
C2, C4A, C4B 6p21.3 C5 9933
TNX 6p21.3 HXB 9032-34
HOX12 (PBX2) 6p21.3 PBX3 9033-34
NOTCHS3 (INT3) op21.3 TANT (NOTCH1) 9034.3
COL11A2 6p21.3 COL5A1 9034.2-34.3
RXRB 6p21.3 RXRA 9q34




VIII. Acknowledgments

I wish 10 express my deep gratitude to Prof. Toshimichi Ikemura for guidance.
I thank Dr Naruya Saitou for guidance of evolutionary computation and
consideration, and also thank Dr Ken-ichi Matsumoto, Dr Toyoaki Tenzen, Tatsuo
Fukagawa, Yasukazu Nakamura, and other members in the Division of
Evolutionary Genetics for their encouragements and helpful suggestions. I also
thank Drs Hidetoshi Inoko, Asako Ando, Katsuzumi Okumura, Kazuei Mita and Fi-
ichi Takahashi for collaboration and discussions, and Mrs N. Ishihara and Y.
Miyauchi for technical assistance. In this work, the computers at the DDBJ and the

Human Genome center of Japan were used.

74



