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Human chromosomes 1q21–q25, 6p21.3–22.2, 9q33–q34, and 19p13.1–p13.4 carry clusters of paralogous loci, to
date best defined by the flagship 6p MHC region. They have presumably been created by two rounds of
large-scale genomic duplications around the time of vertebrate emergence. Phylogenetically, the 1q21–25 region
seems most closely related to the 6p21.3 MHC region, as it is only the MHC paralogous region that includes
bona fide MHC class I genes, the CD1 and MR1 loci. Here, to clarify the genomic structure of this model MHC
paralogous region as well as to gain insight into the evolutionary dynamics of the entire quadriplication process,
a detailed analysis of a critical 1.7 megabase (Mb) region was performed. To this end, a composite, deep, YAC,
BAC, and PAC contig encompassing all five CD1 genes and linking the centromeric +P5 locus to the telomeric
KRTC7 locus was constructed. Within this contig a 1.1-Mb BAC and PAC core segment joining CD1D to FCER1A was
fully sequenced and thoroughly analyzed. This led to the mapping of a total of 41 genes (12 expressed genes, 12
possibly expressed genes, and 17 pseudogenes), among which 31 were novel. The latter include 20 olfactory
receptor (OR) genes, 9 of which are potentially expressed. Importantly, CD1, SPTA1, OR, and FCERIA belong to
multigene families, which have paralogues in the other three regions. Furthermore, it is noteworthy that 12 of
the 13 expressed genes in the 1q21–q22 region around the CD1 loci are immunologically relevant. In addition to
CD1A-E, these include SPTA1, MNDA, IFI-16, AIM2, BL1A, FY and FCERIA. This functional convergence of structurally
unrelated genes is reminiscent of the 6p MHC region, and perhaps represents the emergence of yet another
antigen presentation gene cluster, in this case dedicated to lipid/glycolipid antigens rather than antigen-derived
peptides.

[The nucleotide sequence data reported in this paper have been submitted to the DDBJ, EMBL, and GenBank
databases under accession nos. AB045357–AB045365.]

The 3.6-Mb human Major Histocompatibility Complex
(MHC; also known as the Human leukocyte antigen,
HLA) on chromosome 6p21.3 is a critical repository for
immune response genes. This 230-gene–rich segment

has taught us a great deal about immunity as well as
about the evolutionary dynamics of compact genomic
segments (Campbell and Trowsdale 1997; The MHC
Sequencing Consortium 1999; Shiina et al. 1999). Ex-
tensive analysis of the genomic organization of the
HLA region has revealed that at least 27 of its resident
genes possess duplicated copies in at least one of three
other restricted regions on chromosomes 1q21–q25,
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9q33–q34, and 19p13.1–p13.4 (Sugaya et al. 1994,
1997; Kasahara et al. 1996; Katsanis et al. 1996; Endo et
al. 1997; Hughes 1998; Kasahara 1999). ABC trans-
porter gene family members are located on 6p21.3
(TAP1, TAP2), 1q25 (EST31252), and 9q34 (ABC2), pro-
teasome �-type subunit loci can be found on 6p21.3
(LMP2, LMP7) as well as 9q34 (PSMB7), pre-B cell leu-
kemia transcription factors are readily identified on
6p21.3 (PBX2), 1q23 (PBX1), and 9q33–q34 (PBX3),
and NOTCH genes are located on 6p21.3 (NOTCH4),
9q34.3 (NOTCH1) and 19p13.2–p13.1 (NOTCH3).
These observations suggest that these four paralogous
regions were generated from a common ancestor after
two rounds of chromosomal duplication. Moreover,
these large-scale duplications possibly enabled at least
one of these quadruplicate regions to be relaxed from
functional constraints, allowing the formation of the
present-day vertebrate MHC, the sophisticated ma-
chinery at the heart of the acquired immune system
(Abi-Rached et al. 1999). A number of indirect evi-
dences, especially the sequence comparison as well as
phylogenetic tree analysis of a number of paralogous
genes, allows tracing back these duplicatives events to
a common ancestor of jawed vertebrates, from the lin-
eage leading to hagfish and lamprey (Kasahara 1999).

Among the above-mentioned paralogous regions,
that of 1q21–q25 is unique because it is the only one
outside the MHC carrying divergent, yet genuine his-
tocompatibility-like loci, CD1 and MR1 (Albertson et
al. 1988; Hashimoto et al. 1995; Riegert et al. 1998).
CD1 molecules are cell surface glycoproteins structur-
ally and functionally similar to MHC class I molecules
(Calabi and Millstein 1986; Martin et al. 1986). The
main difference between these two classes of antigen-
presenting loci is indeed their “cargo” peptides in the
case of 6p-located MHC class I molecules, and a diverse
admixture of glycolipids (issued mainly by various
pathogens) in the case of CD1 molecules. This diversi-
fication of the presentation capacity of MHC mol-
ecules greatly enhances the surveillance capacity of pa-
trolling cytotoxic T cells (Sieling et al. 1995; Burdin et
al. 1998). There are five CD1 genes, CD1A to CD1E,
originally identified within a 190-kb cosmid segment
(Calabi and Milstein 1986; Martin et al. 1987; Calabi et
al. 1989; Yu and Milstein 1989). Based on sequence
divergence, the CD1 genes can be ordered into three
groups: (1) CD1A, CD1B, and CD1C, (2) CD1D, and (3)
CD1E (Hughes 1991). Only homologs of human
CD1D have been identified in the mouse (Balk et al.
1991), and the rat (Ichimiya et al. 1994). CD1D might
be a vestige of the ancestral CD1, which plausibly cre-
ated the present-day human CD1 cluster through se-
quential duplications (Yu and Mulatein 1989).

Furthermore, paralleling the chromosome 6 HLA
region, the CD1 region is of great biomedical impor-
tance, as a number of disease-susceptibility loci have

been mapped to 1q21–q23; these include genes for el-
liptocytosis-2, spherocytosis, pyropoikilocytosis (Gal-
lagher et al. 1992), autosomal dominant nonsyndo-
romic deafness, autosomal dominant nonsyndromic
sensorineural 7 (Fagerheim et al. 1996), familial
hemiplegic migraine (Ducrons et al. 1997), familial
partial lipodystrophy (Jackson et al. 1998), and familial
schizophrenia (Brzustowicz et al. 2000). This region
has also been implicated in a number of chromosomal
translocations; for example t (1; 19) (q23; p13) in lym-
phoblastic leukemias and t (X; 1) (p11; q21) in papil-
lary renal cell carcinoma (Williams et al. 1984; Weter-
man et al. 1996).

To clarify the genomic organization of this paralo-
gous CD1 region, and to understand the evolutionary
process through which the MHC system acquired its
present-day structure, we aimed to establish a compre-
hensive gene map of a critical 1.7-Mb region. A com-
posite YAC, BAC, and PAC contig was thus con-
structed, and a core segment of 1.1 Mb encompassing
the CD1 genes was completely sequenced. This 1.7-Mb
region was found to contain 10 known genes and 31
newly mapped genes or gene candidates including 20
ORctory receptors.

RESULTS

High-Resolution Mapping of the 1.7-Mb Region
between the +P5 Site and FCERIA Gene
To clarify the molecular structure and gene organiza-
tion of a segment of chromosome 1q21–q22 region,
paralogous to the MHC and containing the MHC class
I-like CD1 genes, we initially PCR-screened YAC, BAC,
and PAC libraries with STS and locus/gene-specific
primers. As a result, 33 YACs, 8 BACs, and 51 PACs
were isolated and assembled into a contig. Their iden-
tity was confirmed by Southern hybridizations with
clone-derived PCR and EcoRI fragments (data not
shown). Below is a description of the cloning and the
characterization strategy.

Three YAC clones (800C2, 887G1, and 933H7)
containing all of the CD1 genes were isolated from the
CEPH YAC library using CD1C primer pairs (Fig. 1)
(Walsh et al. 1996). Each CD1 gene within the clones
was identified by PCR using CD1A-E locus-specific
primer pairs (Table 1). The CD1D and CD1A genes were
included in an additional YAC clone, 367B12. The PAC
clone, 810N20, which had a 140-kb insert, contained
three CD1 genes: CD1D, CD1A, and CD1C. The CD1B
and CD1E genes were included in a telomeric overlap-
ping PAC clone, 893N23. As shown in Figure 1, the
order of the five CD1 genes was thus established as
CD1D —CD1A—CD1C—CD1B—CD1E from centro-
mere to telomere, spanning ∼190 kb, in accordance
with previous predictions (Yu and Milstein 1989). A
PCR primer pair for +P5 (D1S3309E), a target binding
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site for the Wilms’ tumor suppressor 1 gene (WT1),
mapped previously by two-color fluorescent in situ hy-
bridization (FISH) to 1q21–q22 (Negus et al. 1996), al-
lowed successful amplification from the three previ-
ously mentioned YAC clones as well as a fourth one,
367B12. Three additional PAC clones (581I21, 510C21,
and 681H10) were obtained by gene-walking using
new primer sets corresponding to the telomeric se-
quence of the PAC clone 747M6 harboring the CD1D
and CD1A genes (Fig. 1). The telomeric sequence of the
PAC clone 510C21 contained the 5� end region of the
+P5 sequence, which therefore places this locus 200 kb
centromeric to the CD1D gene (Fig. 1). Finally, four STS
markers (D1S1600, D1S176, WI-8369, and SG4979)
were in close proximity to each other, 100 kb centro-
meric to +P5.

Moving stepwise to the telomeric end of this seg-
ment, one BAC clone (407I14) and four PAC clones
(687N3, 855N14, 987D5, and 1050C4) were isolated
using PCR primers designed from the second exon of
the erythrocyte alpha-spectrin (SPTA1) gene (Kotula et
al. 1991). In addition, the nucleotide sequence at the
telomeric end of a PAC clone 1050C4 revealed com-
plete identity with 125-bp overlap to exon 36 of
SPTA1. These results showed that SPTA1 was located
∼280 kb telomeric to the CD1E gene (in a telomere-to-
centromere orientation) (Fig. 1). Furthermore, the my-
eloid cell-specific gene, MNDA, was mapped ∼150 kb
telomeric to SPTA1 by PCR and Southern hybridization
analyses of one BAC clone (407I14) using the MNDA-

specific primer pairs and PCR products from theMNDA
locus as a probe, respectively (data not shown). Like-
wise, immunologically relevant genes, the interferon
�-induced gene (IFI-16) (Trapani et al. 1992), and the
� subunit of the IgE high-affinity Fc receptor gene
(FCERIA) (Kochan et al. 1988) were localized ∼150 kb
and 450 kb telomeric to the MNDA gene, respectively.
The Duffy blood group antigen locus (FY) was mapped
between IFI16 and FCERIA, and the keratinocyte cDNA
7 (KRTC7) gene (Konishi et al. 1994) was charted ∼100
kb telomeric to FCER1A (Fig. 1). All together, we have
constructed a high-resolution 1.7-Mb YAC, BAC, and
PAC contig between the +P5 and KRTC7 loci. This con-
tig contains at least 14 genes and +P5, in this (centro-
telomeric) order: +P5—CD1D—CD1A—CD1C—
CD1B—CD1E—SPTA1—MNDA—IF I -16—FY—
FCERIA—KRTC7 from centromere to telomere (Fig. 1).
Finally, representative BACs and PACs spanning the
entire contig were scanned for chimerism using FISH
and fiber-FISH, which detected no such event. The
same experiment confirmed the order of these clones
as shown in Figure 1 (data not shown).

Genomic Sequence of the 1q21–q22 Region
between the CD1D and FCER1A Genes
To establish the nucleotide sequence around the CD1
region, two BACs (456N8 and 527I23) and seven PACs
(810N20, 893N23, 987D5, 713I11, 974O18, 683M11,
and 622B6), which collectively span a 1.1-Mb segment
between the CD1D and FCER1A genes, were subjected

Table 1. Locus/Gene-Specific Primer Pairs: PCR Primers Used for Screening of Genomic Libraries

Locus/Gene
Primer location

(forward and reverse)
Product size

(bp) Reference

CD1A F : 702 to 721 206 Martin et al. 1987
(nonclassical MHC antigen gene) R : 888 to 907

CD1B F : 413 to 432 161 Martin et al. 1987
(nonclassical MHC antigen gene) R : 554 to 573

CD1C F : 326 to 345 223 Martin et al. 1987
(nonclassical MHC antigen gene) R : 529 to 548

CD1D F : 2194 to 2213 154 Calabi et al. 1989
(nonclassical MHC antigen gene R : 2328 to 2347

CD1E F : 6815 to 6834 147 Calabi et al. 1989
(nonclassical MHC antigen gene) R : 6942 to 6961

+P5 F : DS130694 77 Nugus et al. 1996
(a target binding site for the Wilms’ tumor suppressor 1) R : RF129794

SPTA1 F : 121 to 141 188 Linnenbach et al. 1986
(erythrocyte alpha-spectrin gene) R : 289 to 309

MNDA F : 935 to 953 97 Briggs et al. 1994
(myelomonocytic specific protein) R : 1012 to 1031

IFI-16 F : 2145 to 2164 179 Trapani et al. 1992
(interferon-g-induced gene) R : 2305 to 2323

FY F : 1863 to 1882 248 Chaudhyri et al. 1993
(Duffy blood group antigen gene) R : 2091 to 2110

FCERIA F : 776 to 795 220 Kochan et al. 1988
(IgE high-affinity Fc receptor) R : 976 to 995

KRTC7 F : 33 to 52 234 Konishi et al. 1993
(EST; keratinocyte cDNA 7, probe nk686) R : 248 to 266
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to shotgun sequencing (Figs. 1, 2A). The 1,139,684 bp-
long sequence (accession nos. AB045357–AB045365)
was determined with a high redundancy of over 7.
Overlaps between all BAC/PAC clones were ascertained
at the sequence level. The overall G + C of the se-
quence is of 38.4%, which corresponds to the relatively
A + T-rich isochore L1 (Fig. 2F; Bernardi 1995). This
G + C content is, however, much lower than the
densely packed 6p HLA region, which belongs to the
G + C-rich isochore H1 (46.2%) (Fukagawa et al. 1995;
Tenzen et al. 1997; The MHC Sequencing Consortium
1999). A closer inspection of the G + C content reveals
fairly uniform dispersion throughout the entire seg-
ment, although numerous high G + C content peaks
(>50%) were locally detected, and in most cases asso-
ciated with expressed genes and/or CpG islands, in-
cluding recognition sites for rare CG cleavage enzymes
(Fig. 2E). When this 1.1-Mb region was scanned in 100-
kb intervals, two 200-kb segments (the first linking the
CD1D to CD1E loci and the second around the FY
gene; physically located between 900 kb and 1,100 kb
in Fig. 2A) at each end of a central 700-kb cluster were
found to contain higher than average G + C contents,
for instance, 40.0% and 41.3%, respectively. In con-
trast, the central 700-kb segment spanning nucleotide
positions 200 kb to 900 kb in Figure 2A is compar-
atively G + C-poor, with 37.1% on average (35.8% to
38.5%) (Fig. 2F).

Analysis of the complete sequence with the Re-
peatMasker2 program unveiled the following num-
bers of repeats: 332 Alus, 191 MIRs, 367 LINEs
(LINE1+LINE2), 133 LTRs, and 23 MERs. These repeats
collectively occupy 47.4% of the sequence, with Alus
and LINEs representing 4.5% and 30.8% respectively,
which corresponds to a density of one repeat per 3.4 kb
and 3.1 kb, respectively (Fig. 2C). LINE1 comprises
28.0% of the LINE sequences. A 300-kb segment be-
tween the CD1D and CD1E genes as well as a 200-kb
segment around the MNDA gene (nucleotide positions
600–800 kb in Figure 2A) reveal high LINE1 densities,
40.7% and 35.6%, respectively. In contrast, a 100-kb
segment around the SPTA1 gene (nucleotide position
500–600 kb in Figure 2A) displays low LINE1 density of
11.1% (Fig. 2F). Finally, a total of 406 microsatellites,
70 di-, 79 tri-, 156 tetra-, and 101 penta-nucleotide
repeats (Fig. 2D), were also identified within the se-
quenced 1.1-Mb region (one repeat per every 2.8 kb),
very similar to the frequency observed in the HLA class
I region (Shiina et al. 1999).

Gene Content
The 1.1-Mb genomic sequence stretching from CD1D
to FCERIA was subjected to gene identification analysis
using BLAST, GRAIL, and Genscan. This analysis
revealed the existence of 41 genes within this segment
or one gene per every 27.8 kb. These loci include two

novel expressed genes (AIM2 and BL1A), 10 known ex-
pressed genes (CD1D, CD1A, CD1C, CD1B, CD1E,
SPTA1, MNDA, IFI16, FY, and FCER1A from centromere
to telomere), 12 possibly expressed sequences (ELL2-
hom and 11 OR), and finally, 17 new pseudogenes
(nine OR, and RPS10, KIAA0696, RB1, HMG14, kinectin,
PIG8, HSPCAL1, HRAD1) (Fig. 2B; Table 2). Focusing on
the frequency of expressed genes (12), one gene per
every 94.9 kb, one notes a gene density comparable to
that (one gene every 70–100 kb) observed upon se-
quencing of the entire chromosome 21 (Ewing and
Green 2000; Hattori et al. 2000) which, in turn, is al-
most identical to that assigned to the A + T-rich iso-
chore L1 (Bernardi 1995). Most striking, among the 24
protein coding genes or possibly expressed sequences
detected in this region, 12 are likely to fulfill immuno-
logical functions, highly redolent of the 6p-HLA re-
gion. These include CD1D, CD1A, CD1C, CD1B, CD1E,
SPTA1, MNDA, IFI-16, AIM2, FY, BL1A, and FCERIA
(Figs. 1, 2B).

Genomic Architecture of the CD1 Region
The gene order of five CD1 genes, was established as
CD1D—CD1A—CD1C—CD1B—CD1E from the cen-
tromeric side, spanning ∼176 kb (Fig. 2B; Table 2). The
transcriptional orientation of CD1D, CD1A, CD1C, and
CD1E was from centromere to telomere, whereas that
of CD1B was the opposite. These results support those
previously published by Calabi and Milstein (1986), as
well as Yu and Milstein (1989). Each of the CD1A–
CD1E loci has been known to have two alleles, desig-
nated 1 and 2 (Han et al. 1999). The exonic sequences
of CD1A–CD1E, as established here, were in complete
agreement with those from the human CD1 cDNA se-
quences (GenBank accession nos. M28825, CD1A;
M28826, CD1B; M28827, CD1C; J04142, CD1D; and
X14975, CD1E) and were found to correspond to allele
1 for all these loci. Moreover, all donor/acceptor splic-
ing sites (GT/AG) including those of CD1E, which has
12 alternative splicing forms (EMBL accession nos.
AJ289111–AJ289122), were of canonical nature.

It has been suggested that the present-day gene
organization of the CD1 gene cluster was the result of
regional duplication events from an ancestral CD1
gene (Calabi et al. 1989; Porcelli 1995; Porcelli and
Modlin 1999), as similarly predicted for the HLA class
I region (Shiina et al. 1999). To detect a possible trace
for such regional duplication at the nucleotide level,
the 200-kb CD1 cluster was subjected to dot-matrix
analysis. However, in sharp contrast to the presence of
multiple reiterated building blocks with remarkable
contiguous homologies in the HLA class I region
(Shiina et al. 1999), no evidence for any such internal
duplication events could be obtained (data not
shown).
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A Novel Cluster of Olfactory Receptor Genes
Twenty new olfactory receptor genes (OR1-101–120
from centromere to telomere) were identified within
our 1.1-Mb genomic sequence through an in silico

search against various DNA databases using FASTA and
BLAST (Fig. 2B; Table 2). There was no rule governing
the transcriptional orientation of these olfactory recep-
tor (OR) genes. The OR1-101–119 loci were composed

Table 2. Genes Identified around the CD1 Region

Location Name Orientation Exons Homology of prominent features

Location is indicated by nucleotide positions numbered from the midst of the ELL2-hom gene. The color code has been
established as follows: Pink, known expressed genes; green, possibly expressed sequences; red, new expressed loci (i.e., for
which cDNA clones were previously reported but where physical location was unknown or ambiguous); black, new pseudo-
genes. Gene orientation from centromere to telomere is shown by (+), whereas (C) depicts the opposite.
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of only one exon, whereas OR1-120 consisted of two
(Table 2). Nineteen (OR1-101– -119) of these 20 loci
were clustered within a 500-kb segment between the
CD1E and MNDA genes. Interestingly, this cluster is
not composed solely of OR genes (other OR clusters
elsewhere in the genome tend to be pure of “intrud-
ers”) as it harbors three other loci, PIG8, HSPCAL1, and
SPTA1 (Fig. 2B). The final OR locus, OR1-120, was ex-
pelled to the end of the contig, 4.5-kb telomeric to the
FCER1A gene. Our OR genes were classified into three
different groups according to their structural charac-
terization. Four loci (OR1-110, -113, -116, and -118)
were classified as “fragmentary type” because of their
short gene size (<300 bp), five (OR-103, -106, -107, -112,
and -119) as “defective type” due to premature termi-
nation codons despite spanning a 906–939-bp stretch.
Finally, the remaining 11 (OR1-101, -102, -104, -105,
-108, -109, -111, -114, -115, -117, and -120) are intact,
and therefore, likely to be “expressed” or “candidate”
genes, despite the fact that no corresponding ESTs
could be found in the current databases (this, however,
might be expected, given the exquisite expression pat-
tern of OR genes within the olfactory sensory neurons)
(Fig. 2B; Table 2). Individual genes here are 924–975 bp
in size, and carry seven transmembrane domains, com-
mon to all members of the G protein-coupled receptor
(GPCR) gene superfamily (Mombaerts 1997).

To investigate the genetic relationship of these
newly identified OR genes to other human olfactory
receptor genes, a phylogenetic tree was constructed us-
ing the neighbor-joining method (Saitou and Nei
1987). The program was fed with nucleotide sequences
extracted from the conserved, transmembrane seg-
ments 2–7, of all our sequences except for the fragmen-
tary types, combined with those retrieved from 140
representative human OR genes deposited in GenBank
and EMBL. As constructed, this phylogenetic tree al-
lows these OR genes to be classified into five major
families corresponding to the previously classified
families (G1, G2A, G2B, G3A, and G3B) as defined by
Rouquier and colleagues (1998), based on percent
nucleic sequence identity (NSI) of 87 OR sequences
(Fig. 3). All OR genes identified on the 1q21–q22 region
belong to the G3B family indicated in blue in Figure 3.
Interestingly, because ORs of the 1q21–q22 region ex-
cept for OR1-119 were more closely related to each
other than to any other olfactory receptor genes in-
cluding the 7q33–35-located 669B10.3 gene (accession
no. AC004853), they may represent new subfamilies of
the G3B familily. On the other hand, OR1-119 was
more closely related to the OR genes located on
Chr.5, Chr.6, Chr.7, Chr.14, and Chr.17 than to the
other OR1 genes. More importantly, all 1q21–q22 OR
gene family members were more closely related to their
OR counterparts encoded within the 6p21.3–22.2 re-
gion (indicated by yellow in Fig. 3) than to the OR

genes in other families, and the branches found in the
G3B family are longer than almost OR genes of other
families. These findings suggest that OR genes in the
1q21–q22 and 6p21.3–22.2 regions were created dur-
ing the two rounds of duplication that generated the
paralogous 1q21–q25 CD1 and 6p21.3–22.2 HLA re-
gions (Kasahara 1999).

Other Genes
Two other novel expressed genes were identified by
sequence analysis of the 1.1-Mb region. The AIM2 gene
(from nucleotide position 884696–899063) encodes an
interferon-inducible protein (accession no. AF024714;
DeYoung et al. 1997) and, interestingly, displays sig-
nificant nucleotide homology to two neighboring cen-
tromeric genes. These are MNDA (from nucleotide po-
sition 656196–674270), which specifies a myeloid cell
specific protein regulated by interferon � and IFI16
(from nucleotide position 832156–877358), which en-
codes the interferon �-inducible protein 16 (Table 2).
Indeed, exon 5 of AIM2 shares ∼60% nucleotide iden-
tity with exon 5 of MNDA as well as exons 5 and 8 of
the IFI16 gene. The other novel gene identified here is
BL1A (from nucleotide position 993815–1025309).
BL1A encodes a cell adhesion protein (accession no.
F062733) with 43% amino acid similarity to the polio-
virus receptor (accession no. P32506). Two isoforms
have been reported for this gene, one containing exons
1–10, whereas the other consists of exons 5, 6, 8, 9, 10,
and 11 (cDNA sequences BL1A, accession no. F062733,
and FLJ10698, accession no. AK001560, respectively).
SPTA1, known as one of the causative genes of pyro-
poikilocytosis, encodes an erythrocyte �-specific pro-
tein (Gallagher et al. 1991). This gene spans a 75.7-kb
stretch, 254-kb telomeric to the CD1E gene (from
nucleotide position 435886–511547), with a telomere-
to-centromere transcriptional orientation. The exon/
intron structure determined by comparison with the
SPTA1 cDNA sequence (accession nos. J05244,
M61852, and M61775–M61826; Sahr et al. 1990) was
in complete agreement with that reported previously
(Kotula et al. 1991). The gene is, indeed, sliced into 52
exons; all exon–intron boundaries were demarcated by
canonical acceptor and donor splice sites except for the
acceptor site of intron 32, which was GC instead of GT
(data not shown).

DISCUSSION
To clarify the genomic structure of a critical piece of
human chromosome 1q21–q22, one of four MHC-
related paralogous regions, a dense 1.7-Mb YAC, BAC,
and PAC contig linking the +P5 sequence to FCERIA
was constructed. A 1.1-Mb internal subcontig, defined
by eight BAC or PAC clones harboring CD1D and
FCER1A at the centromeric and telomeric ends, respec-
tively, was subjected to DNA sequencing determina-
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tion and gene mining. Among the 41 genes identified,
27 were found to have paralogous partners on the
other three regions (chromosomes 6p21.3–22.2, 9q33–
q34, and 19p13.1–p13.4). These were CD1A–CD1E at
1q21–q22—HLA class I at 6p21.3–22.2, 20 OR at 1q21–
q22—21 OR at 6p21.3–22.2, and SPTA1 at 1q21–q22—
SPTAN1 at 9q34.13. These facts obviously support the
previous prediction that this CD1 region on chromo-
some 1 was created by large-scale segmental duplica-
tions along with the other three paralogous regions
(Katsanis et al. 1996; Endo et al. 1997; Hughes 1998;
Kasahara 1999).

The presence of anOR gene cluster next to the CD1
genes, paralleling the HLA region with anOR gene clus-
ter on its telomeric side (Fan et al. 1996; Ehlers et al.
2000), is intriguing. Phylogenetic tree analysis allowed
clear classification of these 20 OR genes into only one
family, G3B (Fig. 3). Most of the OR genes in the chro-
mosome 1q21–q22 region were probably created dur-
ing the two large-scale duplications that resulted in
generation of the paralogous CD1 1q21–q25 and HLA
6p21.3–22.2 regions (Kasahara 1999) given their
greater genetic relatedness to paralogues located on
6p21.3–22.2 than to OR genes located within other
families in our phylogenetic tree (Fig. 3). Finally, be-
cause OR genes are conserved from Drosophila melano-
gaster to human (AF156880; Parmentier et al. 1992;
Ngai et al. 1993) and distributed over multiple loca-
tions in their genomes (Rouquier et al. 1998; Trask et
al. 1998), structural and comparative analyses of OR
gene clusters from several species will make it possible
to delineate the molecular dynamics of the evolution-
ary process through which the animal genomes
evolved to the present-day complexity.

Another interesting feature of the 1.1-Mb CD1 re-
gion is that at least 23 of 37 expressed genes are im-
munologically relevant (Figs. 1, 2; Table 2). Again, this
mirrors the HLA region, which contains at least 45 im-
mune-affiliated genes among its 232 expressed genes
(The MHC Sequencing Consortium 1999). This lends
further support to the argument that the CD1 region is
dedicated to the immune response, exemplified by
CD1-mediated lipid or glycolipid presentation to vari-

ous effector cells including �� T, NKT, and NK cells
(Porcelli and Modlin 1999) and, hence, is functionally
equivalent to HLA-based peptide processing and pres-
entation to �� T cells (Davis and Bjorkman 1988).
Based on this hypothesis, two models explaining the
evolutionary generation of the MHC system can be
proposed. One model is that two rounds of chromo-
somal duplication (chromosomes 1q21–q25, 6p21.3,
9q33–q34, and 19p13.1–p13.4) enabled two of the
quadruplicate regions (chromosomes 1q21–q25 and
6p21.3) to be relaxed of functional constraints and
thus allowed generation of the two major vertebrate
(human) MHC systems (the CD1 and HLA-mediated
antigen presentation systems). Another possibility is
that the CD1 region represents the ancestral MHC sys-
tem, which functioned as an “innate” immune system
prior to the two rounds of chromosomal duplication
(before the emergence of vertebrate). Two rounds of
chromosomal duplication allowed one of the quadru-
plicate regions (chromosomes 6p21.3) to evolve into
the HLA-mediated presentation pathway as part of the
adaptive immunity system.

Dot-matrix analysis using the entire HLA class I
region sequence (1.8 Mb) versus itself revealed numer-
ous segmental duplications of a minimal building
block, MIC—HCGIX—3.8-1—P5—HCGIV—HLA class
I—HCGII (8–20 kb in size) (Shiina et al. 1999), whereas
no such trace of duplication units was observed in the
CD1 region. Within the HLA gene cluster, the occur-
rence of these repeated segmental duplications (which
are the basis for the formation of the HLA backbone
structure as well as a large variety of HLA class I genes)
was estimated to have taken place some 20– 60 million
years ago, as corroborated by dot-matrix and phyloge-
netic tree analyses (Shiina et al., unpubl.). Similar dot-
matrix and phylogenetic analyses using HLA class I
gene sequences as well as two mouse and one rat CD1D
sequences (Bradbury et al. 1988; Balk et al. 1991; Ichi-
miya et al. 1993, 1994; Kasai et al. 1997; Matsuura et al.
1997) indicates that the origin of human CD1 genes
was some 60–100 million years ago, which places this
event after the separation of mouse and human lin-
eages (Porcelli and Modlin 1999; Shiina et al., unpubl.).
Taken together, these findings suggest that the human
CD1 region was established prior to the HLA class I
region.

Of our 1.1-Mb sequence, 47% is composed of re-
petitive elements, among which the LINE1 sequences
occupy the largest part, 28% (Fig. 2F). This high LINE1
density, which corresponds to that of chromosome X
(26%), is twice that observed in other autosomes (on
average 13%) (Lyon 1998, 2000). Although no positive
or negative correlation between LINE1 density and
G + C content exists throughout chromosome X, fairly
good positive correlation between LINE1 density and
G + C content has been observed in most parts of the

Figure 3 Phylogenetic tree of the olfactory receptor gene fam-
ily. This phylogenetic tree was constructed employing the neigh-
bor-joining method (Saitou and Nei 1987). Sequences were de-
rived from the conserved region between transmembrane seg-
ments 2 and 7 in 156 olfactory receptor genes (five “defective
type,”, 11 “expressed gene or gene candidate type” OR genes in
1q21–q22 and 140 human olfactory receptor genes submitted to
GenBank). Five major families classified by this phylogenetic tree
were designated G1, G2A, G2B, G3A, and G3B according to
Rouquier et al. (1998). Blue and yellow boxes indicate the olfac-
tory receptor genes located on 1q21–q22 and 6p21.3, respec-
tively. Purple and orange boxes indicate olfactory receptor genes
located on chromosomes 1 and 6, respectively, but within un-
known subchromosomal locations.
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autosomes investigated, for example, chromosome 7
(Bailey et al. 2000). Generally, there is a positive cor-
relation between LINE1 and gene densities along vari-
ous segments of mammalian genomes (Smit 1999; Ka-
zazian 2000). For instance, in our own previous experi-
ment, the entire 1.8-Mb HLA class I region could be
divided into five distinct segments based on nucleotide
composition; within each segment a good positive cor-
relation between LINE1 density and G + C content
could be readily identified (Shiina et al., in prep.). In
this context, it is notable that no significant positive
correlation between the LINE1 density and the G + C
content was observed in the 1.1-Mb sequenced region
around the CD1 region (Figs. 2D,F). In this respect,
despite being an autosome, this region of chromosome
1 may be more similar to chromosome X than to other
autosomes such as chromosomes 6 and 7. Although
the biological significance, if any, of LINE1 elements
remains unknown, it has been suggested that on the X
chromosome, they act as a “booster stations” for a het-
erochromatinization signal transmitted by XIST RNA,
which in turn, leads to X chromosome inactivation
(Bailey et al. 2000). Therefore, it may be possible that
this CD1 region undergoes autosomal imprinting or
inactivation by unknown factors such as an XIST-like
gene.

Furthermore, it is of great interest that susceptibil-
ity loci for a number of diseases such as elliptocytosis-
2, spherocytosis, pyropoikilocytosis (Gallagher et al.
1992), autosomal dominant nonsyndromic deafness,
autosomal dominant nonsyndromic sensorineural 7
(Fagerheim et al. 1996), familial hemiplegic migraine
(Ducrons et al. 1997), familial partial lipodystrophy
(Jackson et al. 1998), and familial schizophrenia
(Brzustowicz et al. 2000) were mapped to the 1q21–q23
region. This region is also known for being involved in
chromosomal translocations including those in certain
lymphoblastic leukemias and papillary renal cell carci-
noma, for example, t (1; 19) (q23; p13) and t (X; 1)
(p11; q21), respectively (Williams et al. 1984; Weter-
man et al. 1996). Among the genes mapped here,
SPTA1, which encodes a erythrocyte �-spectrin, has
been well established as the causative locus for the de-
velopment of elliptocytosis-2, spherocytosis and pyro-
poikilocytosis; 23 mutations have so far been detected
in these patients (http://www.ncbi.nlm.nih.gov/htbin
post/Omim/dispmim? 182860). Moreover, the loca-
tion of the familial schizophrenia gene was confined,
by microsatellite-based mapping, to a 12-cM region on
the telomeric side of +P5 (Brzustowicz et al. 2000), it-
self 200 kb centromeric of the CD1D gene. Approxi-
mately 20% of all reported cytogenetic anomalies seen
in Wilms’ tumor have involved chromosome 1q21–
q22 (Slater and Mannens 1992). The 1.7-Mb YAC, BAC,
and PAC contig around the CD1 region constructed in
this study provides not only a powerful clue to dissect

the binding site of several WT1 isoforms within the
+P5 region but also a blueprint to carefully analyze 1q
rearrangements occurring in Wilms’ tumor. Indeed,
some of the newly mapped genes, including the closely
packed MNDA, IFI16 and AIM2 , which are of potential
immunological relevance, may be actually involved in
the development of Wilms’ tumor, or some other can-
cer and/or mono-polygenic/complex disorder.

In summary, we have reported the genomic clon-
ing and sequence analysis of a prototype MHC paralo-
gous region on human chromosome 1q. The identifi-
cation of a number of immunologically relevant genes
and novel olfactory receptor loci lying in close vicinity
to the MHC class I CD1 genes help to further define an
emerging MHC-like functional cluster outside chromo-
some 6. This effort also eases positional cloning of dis-
ease-related mutations for a number of pathologies. In
fine, similar high-resolution analysis on other seg-
ments of the human genome should help decipher the
kinetics of vertebrate genome evolution in general.

METHODS

Construction of a YAC, BAC, and PAC Contig
and Physical Mapping
Large insert yeast and bacterial clones were isolated by poly-
merase chain reaction (PCR)-based screening of the human
CEPH (Centre d’études du Polymorphisme Humain) YAC li-
brary (Chumakov et al. 1992), a PAC library constructed from
human lymphocyte DNA (Genome Systems Inc.), PAC and
BAC libraries derived from human male lymphocyte DNA by
Dr. Pieter J. de Jong (RPCI 4 and 5 series, and 11 series, re-
spectively) (Osoegawa et al. 1996), and a BAC library con-
structed from the B cell line 978SK (Research Genetics). To
construct a physical map of the 1q21–q22 region, 12 locus/
gene-specific primer pairs were designed based on published
sequences (Table 1), 18 STS primer pairs were selected from 70
markers positioned on the Whitehead Institute (http://
carbon.wi.mit.edu: 8000/cgi-bin/contig/phys_map) WC1.16
contig map from WI-8369 (most centromeric) to UTR6608
(most telomeric), in the NCBI (http://www. ncbi.
nlm.nih.gov/genemap) chromosome 1 Radiation hybrid map
from D1S1600 (most centromeric) to D1S2635 (most telo-
meric), and 32 new STS primer sets that were prepared from
32 PAC and BAC end sequences. PCR analyses were performed
using these PCR primers with YAC, PAC, and BAC DNAs as a
template. PCR screening and physical mapping followed the
protocol provided by Research Genetics and Osoegawa et al.
(1996). Chromosomal mapping and chimerism of these BAC
and PAC clones were checked by FISH, and the order of the
clones within a contig was confirmed using fiberFISH as de-
scribed previously (Takahashi et al. 1990, 1991; Mizuki et al.
1996; Suto et al. 1996). Southern hybridization analysis was
carried out to confirm the integrity of the YAC, BAC, and PAC
clones using PCR products amplified with locus/gene-specific
primer pairs as probes (Inoko et al. 1986).

Sequencing Strategy
Two BACs and seven PACs covering the 1139-kb segment
from the CD1D to FCER1A genes were shotgun sequenced
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(Deininger 1983; Wilson et al. 1994; Rowen et al. 1996). These
cloned DNAs were purified by CsCl equilibrium density gra-
dient centrifugation. Construction of shotgun libraries and
preparation of sequencing templates has been described (Mi-
zuki et al. 1997; Shiina et al. 1998, 1999).

DNA sequencing was performed by cycle sequencing em-
ploying AmpliTaq-DNA polymerase FS (PE Applied Biosys-
tems), fluorescently labeled dye or BigDye primers, or dye or
BigDye terminators in a GeneAmp PCR system (PE Applied
Biosystems). A 373S or 377 ABI PRISM DNA sequencer was
used for automated fluorescent sequencing (PE Applied Bio-
systems).

Assembly and Database Analyses
Individual sequences were minimally edited to remove vector
sequences, transferred to a SPARC station (Sun Microsystems)
on the TCP/IP protocol and assembled into contigs using the
GENETYX-/SQ software (Software Development Co., Tokyo).
Remaining gaps or areas of ambiguity were analyzed by a di-
rect sequencing procedure employing PCR amplification
products obtained with appropriate PCR primers or by
nucleotide sequence determination of shotgun clones con-
taining the segments of interest with sequencing primers de-
signed from the sequence data and fluorescent dideoxy-
nucleotide chain terminators (Wilson et al. 1994).

The final sequence was initially analyzed using GENETYX
software (Software Development Co.) on a Macintosh com-
puter. Database searches (EMBL, GenBank, and DDBJ) were
carried out using FASTA, BLASTN and BLASTX (Altschul et al.
1990). Because of the size limitation for sequence compari-
sons, dot-matrix analyses with varying parameters were used
extensively to identify patterns of similarity. Searches for cod-
ing regions utilized the CRM/GRAIL, GRAIL I, GRAIL Ia, and
GRAIL II gene-finding programs (http://avalon.epm.ornl.
gov/Grail-1.3; Uberbacker and Mural 1991) and the GENSCAN
gene-prediction program (http://gnomic.stanford.edu/∼chris/
GENSCANW.html), along with the SwissProt database and
the Smith-Waterman algorithm. Repeat and microsatellite se-
quences were detected with the RepeatMasker2 (http://
ftp.genome.washington.edu/cgi-bin/RepeatMasker) and
sputnik programs, respectively. Prediction of the transmem-
brane regions of ORctory receptor-like genes was determined
using the SOSUI program (http://azusa.proteome.bio.
tuat.ac.jp/sosui/).

Phylogenetic Analyses
Dot-matrix analyses were performed using Harrplot 2.0
software (Software Development Co.). The phylogenetic tree
was constructed employing the neighbor-joining method
with sequences of the conserved region between transmem-
brane segments 2 and 7 of OR genes (Saitou and Nei 1987).
Multiple alignment of sequences and calculation of genetic
distance were carried out using CLUSTALW (DDBJ; http://
crick.genes.nig.ac.jp/homology/clustalw.shtml).
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