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Comprehensive knowledge of the gene content of human chromosome 21 (HSA21) is essential for understanding
the etiology of Down syndrome (DS). Here we report the largest comparison of finished mouse and human
sequence to date for a 1.35-Mb region of mouse chromosome 16 (MMU16) that corresponds to human
chromosome 21q22.2. This includes a portion of the commonly described “DS critical region,” thought to
contain a gene or genes whose dosage imbalance contributes to a number of phenotypes associated with DS. We
used comparative sequence analysis to construct a DNA feature map of this region that includes all known
genes, plus 144 conserved sequences �100 bp long that show �80% identity between mouse and human but do
not match known exons. Twenty of these have matches to expressed sequence tag and cDNA databases,
indicating that they may be transcribed sequences from chromosome 21. Eight putative CpG islands are found at
conserved positions. Models for two human genes, DSCR4 and DSCR8, are not supported by conserved sequence,
and close examination indicates that low-level transcripts from these loci are unlikely to encode proteins. Gene
prediction programs give different results when used to analyze the well-conserved regions between mouse and
human sequences. Our findings have implications for evolution and for modeling the genetic basis of DS in
mice.

[Sequence data described in this paper have been submitted to the DDBJ/GenBank under accession nos.
AP003148 through AP003158, and AB066227. Supplemental material is available at http://www.genome.org.]

Down syndrome (DS) is caused by trisomy of human chro-
mosome 21 (HSA21) and occurs in approximately one of 700
newborns (Hassold et al. 1996). DS shows various complex
phenotypes, including developmental abnormalities, defi-
ciencies of the immune system, characteristic facial features,
mental retardation, and congenital heart disease (Epstein et
al. 1991). The range and variability of clinical traits indicate
that multiple genes are involved in the pathogenesis of DS.

Identification of a smallest region of overlap in individu-
als who are trisomic for only part of HSA21 (segmental tri-
somy 21) and share the same subset of DS features has been
used as a basis for defining DS critical regions (DSCRs; Dela-
bar et al. 1993). These regions are posited to contain a gene or
genes, dosage imbalance for which contributes to the subset
of DS features assigned to the DSCR. Some investigators have
indicated that a region as small as 1.6 to 2.5 Mb could contain
all of the genes with a dosage imbalance that produces most
of the features of DS (Ohira et al. 1996; Dahmane et al. 1998).
Thus, analysis of the DSCR is important in identifying genes
involved in the pathogenesis of DS. One caveat to the DSCR

hypothesis is that there are no known individuals with DS
who are trisomic only for this minimal segment. Current re-
search does not exclude the possibility of the involvement of
other genes mapped outside the DSCR in a number of DS
phenotypes (Korenberg et al. 1994; Sumarsono et al. 1996;
Barlow et al. 2001), nor is there evidence currently to link
dosage imbalance of a single gene with a specific feature
(Reeves et al. 2001).

The minimal human DSCR contains several known
genes, including SIM2, HLCS, DSCR5, TTC3, DSCR3, DYRK1,
KCNJ6, DSCR4, KCNJ15, and ERG. All of these were identified
in the initial gene catalog of the 33.5-Mb HSA21 sequence
(Hattori et al. 2000). Subsequently, two new genes have been
annotated, DSCR6 (Shibuya et al. 2000) and DSCR8 (accession
no. AF321193). DSCR8 was formerly designated DCR1-24.0
(Dahmane et al. 1998). In addition, a number of provisional
genes have been described based on several classes of evidence
(Hattori et al. 2000). Comparative sequence analysis provides
a powerful tool to extend and refine these annotations of
mammalian genome sequence.

A sequence-ready, P1-derived artificial chromosome
(PAC)–based physical map spanning 4.5 Mb of distal region of
mouse chromosome 16 (MMU16) has been constructed
(Pletcher et al. 2001). We report here the finished sequence of
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11 clones forming a contig of 1.35 Mb, which includes the
mouse counterpart of the minimal DSCR segment discussed
above. This is the longest comparison of finished human to
finished mouse sequence undertaken to date. Comparative
sequence analysis shows a high level of conservation overall,
including 144 significantly homologous regions in the DSCR
which are likely to represent genes or regulatory regions that
may contribute to the anomalies of development that char-
acterize DS.

RESULTS

Genomic Sequencing of Mouse PACs
A minimal tiling path of 11 PACs derived from a deep contig
covering the region of MMU16 that corresponds to the hu-
man DSCR provided the substrate for sequencing (Fig. 1;
Pletcher et al. 2001). The clones were isolated from the RPCI-
21 female 129/Sv mouse library (Osoegawa et al. 2000). Shot-
gun sequencing of the PAC clones was performed to provide
8� coverage of draft sequence. In addition, we constructed
plasmid clone libraries from appropriate restriction fragments
with an insert size from 1 to 10 kb and sequenced both ends
of these clones to provide 2� additional coverage. After as-
sembly of all the sequence data using Phred/Phrap (Ewing et
al. 1998), gap-filling and resequencing of ambiguities in the
assembled data were performed by nested deletion (Hattori et
al. 1997), primer-walk, polymerase chain reaction (PCR)–
coupled primer-walk, and direct sequencing of appropriate
PAC clones. We obtained 1,350,235 bp of contiguous finished
sequence data. The accuracy was estimated to be >99.99 %
through the entire sequence, and each clone was finished
according to the rules for human genome sequencing (http://
genome.wustl.edu/Overview/finrulesname.php).

Gene Content in Human and Mouse
The end points of the mouse sequence were located in the
Sim2 locus at the proximal side and in the Erg locus at the
distal side. We searched the mouse genomic sequence against
human cDNA sequences in public databases and identified 10
of the 12 known human genes, SIM2, HLCS, DSCR6, DSCR5,
TTC3, DSCR3, DYRK1A, KCNJ6, KCNJ15, and ERG (Supple-
mental Table 1, available online at http://www.genome.org).
Mouse orthologs of nine of these genes were also found in
these databases. The mouse Hlcs gene has been mapped, but a
sequence of the mouse Hlcs transcript was not available. We
therefore isolated a cDNA of Hlcs from a mouse testis cDNA
library by reverse transcription–PCR, determined the se-
quence, and performed alignment with genomic sequence to
determine the exon-intron junctions (accession no.
AB066227; see Methods). The mouse Hlcs cDNA sequence was
4311 bp and had 78.2% nucleotide identity with the human
gene. It encoded a predicted protein of 722 amino acids, with
76.6% amino acid identity to human HLCS.

All of the mouse genes shared canonical GT-AG splice
junction sequences and the same exon splicing boundaries as
their human orthologs. Sequence alignment between mouse
cDNA sequences and the finished mouse genomic sequences
showed nucleotide differences at various positions. Most of
these differences were insertions, deletions, or base substitu-
tions in the 5� and 3� untranslated regions (UTRs) of each
gene. These sequence differences may represent strain varia-
tion between 129/Sv strain mice, which was the substrate for
genomic sequencing in this study, and the strains from which
the cDNAs originated. Several base substitutions predicted

amino acid changes and thus could contribute to functional
differences between strains.

Given the well-established conservation between
MMU16 and HSA21, we were surprised to find that two hu-
man genes, DSCR4 and DSCR8, did not match the mouse
genomic sequence using relatively stringent search criteria of
80% match across 100 bp. DSCR4 and DSCR8 are adjacent to
each other in head-to-head orientation on opposite strands,
separated by only 124 bp on HSA21 (Fig. 1). No mouse ex-
pressed sequence tags (ESTs) matched the human ESTs or pre-
dicted proteins of these genes. No computer-predicted gene
candidates occurred at corresponding positions in the mouse
genomic sequence. The Celera 5.5� mouse genomic se-
quence contained no closely related nucleotide or predicted
protein sequences. To rule out the possibility that this region
was deleted from the mouse PAC clone chosen for sequenc-
ing, we sequenced two other bacterial artificial chromosome
(BAC) clones that covered this region to 5� coverage, con-
firming the original sequence assembly. Finally, PCR on
mouse genomic DNA produced the fragments predicted from
the sequence, showing that the multiple clones were repre-
sentative of the genomic DNA.

These results indicate that orthologs for DSCR4 and
DSCR8 might be absent from mice. However, a low-stringency
sequence comparison (65% identity/50-bp window) between
mouse and human genomic sequence found homology across
this region, including the last exons of DSCR4 and DSCR8
(Fig. 1, inset). The existence of human genes at this site is
based on multiple independent isolations of spliced ESTs, de-
tection of low-level transcripts in Northern blots of placental
RNA, and our results of PCR on placental cDNA (data not
shown). However, it seems unlikely that these are protein-
coding transcripts; the predicted human genes contain repeti-
tive elements as part of their very small putative open reading
frames (ORFs), indicating that the gene models may not be
correct.

The possibility remains that DSCR4 and DSCR8 represent
rapidly diverging mammalian genes with a function that is
not dictated by protein coding sequences. There are addi-
tional candidate genes of this type in the region. The HSA21
transcript known variously as DCR1-17.0, EUROIMAGE
43103, and PRED69 is found just distal to the 5� end of KCNJ6.
It is represented only by unspliced human ESTs and therefore
is considered to be less convincing than if it were spliced. No
match to mouse genomic sequence is seen under conditions
of 80% identity over 100 bp, but a 65%/50-bp survey detects
homology across the area (data not shown).

Alignment of publicly available cDNA and EST data with
genomic sequence allowed us to define intra- and intergenic
regions (Table 1). A “gene region” corresponds to the tran-
scribed sequence, defined by the most 5� and 3� ends of avail-
able cDNA sequences. Gene regions occupied 1167 kb (65%)
of the human sequence and 755 kb (56%) of the mouse se-
quence. When repetitive sequences are removed, 746 kb
(71%) of the human and 614 kb (63%) of the mouse represent
gene regions. Discounting the problematic DSCR4 and DSCR8
gene models, unique sequence comprising the intragenic re-
gions is essentially the same in both species.

Landscape of Genomic Structure
The GC-contents of mouse and human were 45.35% and
42.4%, respectively, in good agreement with results for the
whole genome in each case (Hattori et al. 2000; Mallon et al.
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2000; Lander et al. 2001). CpG islands were predicted by
searching for sequence segments that are >250 bp with a GC
content of >50% and an expected/observed CpG count of
>0.6. We identified 13 possible CpG islands in human and
eight in the mouse (Table 2). All eight mouse sequences had
counterparts at the corresponding positions on HSA21. Six of
the eight conserved CpG islands were located just upstream of
or surrounding the first exons of Hlcs/HLCS, Dscr6/DSCR6,
Dscrc/DSCR5, Dcra/DSCR3, DYRK1A/Dyrk1a, and Kcnj6/KCNJ6
genes, indicating an association with regulation of expression
of these genes. The two remaining conserved CpG islands
were located at the 3� UTRs of Sim2/SIM2 gene and the inter-
genic region between Hlcs/HLCS and Dscr6/DSCR6; another
predicted CpG sequence occurs between HLCS and DSCR6 on
HSA21 but not on MMU16. The remaining CpG-rich human
sequences were located around 5� and 3� UTRs of DSCR3, in
the intergenic region between DYRK1A and KCNJ6, and in the
third intron of KCNJ6 (accession no. D873279). It will be of
interest to see if the nonconserved CpG sequences lead to a
different pattern of transcription in humans than is seen in
mouse.

Repetitive elements were identified using RepeatMas-
ker (Table 3). The fractions of short interspersed elements
(SINEs) in the human and mouse sequences were 13% and
8.5%, respectively, whereas the fractions of long interspersed
elements (LINEs) were 16% and 5.3%. The higher ratio of
SINE to LINE sequences in mouse contributes to the higher
GC content. Repetitive elements belonging to viral long ter-
minal repeats (LTRs) were found in both sequences to a simi-
lar degree, but elements such as MER1 were present at three-
fold higher frequency in human DSCR. Simple repeats such as
CA dinucleotides were fourfold more abundant in the mouse

Table 1. Summary of Gene and Integenic Regions in the Human DSCR and the Corresponding Mouse Region

Gene

Gene size (kb)a Intergenic region size (kb)a

human mouse human mouse

SIM2/Sim2 19.6 (14.4) 12.8 (11.9)
1.3 (1.3) 2.7 (2.5)

HLCS/Hlcs 211.0 (124.7) 139.4 (113.8)
44.4 (18.4) 59.5 (31.4)

DSCR6/Dscr6 13.1 (7.8) 8.1 (7.0)
45.7 (16.4) 27.5 (18.0)

DSCR5/Dcrc 7.7 (4.2) 6.3 (4.7)
12.7 (4.7) 13.2 (10.2)

TTC3/Ttc3 117.3 (73.5) 85.3 (71.3)
20.3 (8.6) 26.5 (17.0)

DSCR3/Dcra 44.1 (29.7) 28.4 (20.2)
100.0 (35.7) 84.1 (62.0)

DYRK1A/Dyrk1a 147.6 (93.1) 80.3 (65.4)
109.3 (54.4) 68.9 (50.1)

KCNJ6/Kcnj6 291.9 (184.6) 234.3 (182.5)
137.6 (71.7)

DSCR4 67.1 (37.5) — —
0.1 0 251.0 (181.2)

DSCR8 35.0 (20.0) — —
73.3 (38.9)

KCNJ15/Kcnj15 70.9 (52.3) 39.4 (35.1)
81.0 (48.9) 61.9 (49.5)

ERG/Ergb 141.8 (103.8) 120.9 (102.0)
Total Size 1167.1 (745.5) 755.2 (613.9) 625.7 (299.0) 595.3) (421.9)

aNumbers in parentheses indicate size of unique sequences that was calculated by subtracting all the repetitive sequences from entire
sequences.
bOnly parts of the gene regions are included.

Table 2. Distribution of CpG Islands

Island Start End

Human
cpg1 17,223 18,171
cpg2 235,811 236,724
cpg3 250,284 250,701
cpg4 259,444 260,296
cpg5 275,369 276,868
cpg6 342,297 343,933
cpg7 490,424 491,110
cpg8 527,489 527,943
cpg9 536,672 537,927
cpg10 635,663 638,003
cpg11 833,291 833,982
cpg12 945,063 945,364
cpg13 1,185,383 1,186,703

Mouse
cpg1 10,903 11,644
cpg2 176,128 176,546
cpg3 199,152 199,672
cpg4 214,020 214,470
cpg5 255,699 257,061
cpg6 409,302 410,318
cpg7 452,020 453,003
cpg8 876,821 877,242

Human sequence corresponds to the region from 23,679,001 to
25,472,000 on NT011512.3 Both human and mouse sequences
used in this study are available as supplements from our Web site
(http://hgp.gsc.riken.go.jp).
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sequence. Overall, repetitive sequences represented 41.6%
and 27.8% of the total sequence in the human and mouse,
respectively. Most of this difference owes to the threefold
higher frequency of LINE elements in human sequence. The
higher frequency of repetitive elements in human contributes
much of the size difference between the 1.35-Mb mouse se-
quence and the corresponding 1.8-Mb human DSCR (Table 1).

A dot-plot analysis of the two sequences (80%/100 bp)
showed colinearity, with no changes in order or orientation
(data not shown). About 10 kb was not seen in mouse relative
to human in a region between DSCR8 and KCNJ15. This re-
gion contained no predicted genes. Overall, the mouse and
human sequences appear to have been well-conserved during
evolution.

A BLAST search against public EST databases identified a
significantly homologous sequence in the intergenic region
between DSCR4 and KCNJ15 in human. The homologous se-
quence showed 90% identity over 600 bp with FLJ21347
mRNA (2589 bp; accession. no. NM_022827), which maps to
human chromosome 17. The sequence identified here was
shown to have various mutations disrupting the open reading
frame (ORF), indicating that it is a pseudogene of FLJ21347.

“Conserved Features” Sequence Map
Mouse and human sequences were compared using the VISTA
and CGAT programs (Fig. 1; Lund et al. 2000; Mayor et al.
2000). We adopted various conditions to search for signifi-
cant sequence homology (conserved segments [CSs]) between
the sequences (summarized in Table 4; for details, see Supple-
mental Fig. 1 and Supplemental Table 2, available at http://
www.genome.org). We first identified 123 exons in the hu-
man sequence by merging and matching all cDNA and EST

data in public databases with our genomic data and by defin-
ing all discrete matches as exons. The total length of exons
defined by this method was 45,147 bp, or ∼ 4.3%, of human
nonrepetitive and 2.5% of total sequence.

We next searched for CSs under several conditions using
the VISTA program (Table 4). A survey at a stringency of
�75% nucleotide identity over 50 bp detected 110 of the
known 123 exons. Under these conditions, most UTRs were
not detected. When the sequences were compared at �80%
identity over 100 bp, 254 CSs were detected, representing
53,428 bp, or 5.1%, of the nonrepetitive sequence. This analy-
sis detected 90 of the 123 known exons in 110 CSs. The re-
maining 144 CSs, totaling 27.7 kb (2.6% of human nonrepeti-
tive/1.5% of total sequence) did not correspond to known
exons. Even at the highest stringency, CSs belonging to exons
represented only about half of the total CSs detected between
human and mouse (Table 4). Similar distribution patterns of
CSs between exons and noncoding regions have been re-
ported previously (Loots et al. 2000; Onyango et al. 2000;
Frazer et al. 2001).

We further examined the distribution of 144 CSs from
noncoding regions that were detected under the condition of
�80% identity over 100 bp. Two thirds of these (102 CSs)
were located in gene regions and one third (42 CSs) were in
intergenic regions. Only five of the eight putative CpG islands
found at corresponding positions in mouse and human (cpg1,
cpg5, cpg6, cpg9, and cpg13) were detected as CSs under these
conditions (Supplemental Table 2), showing an advantage of
our multitiered search strategy. A total of 20 of the 144 CSs
showed significant matches to anonymous ESTs (Table 5).
Two of these 20 sequences matched three or more anony-
mous ESTs, strengthening the likelihood that they are bona

Table 3. Distribution of Repetitive Elements in the Human DSCR and the Corresponding Mouse Region

Human (1,792,995 bp)
GC level 42.43%

Mouse (1,350,235 bp)
GC level 45.35%

number of
elements

percentage of
sequence

number of
elements

percentage of
sequence

SINEs 982 12.97 799 8.53
Alus 719 10.81
B1s 273 2.36
B2–B4 465 5.75
IDs 26 0.13
MIRs 263 2.16 35 0.30

LINEs 485 16.07 197 5.35
LINE1 316 13.34 176 5.13
LINE2 159 2.60 20 0.22
L3/CR1 10 0.13 1 0.00

LTR elements 327 7.83 353 8.14
MaLRs 198 4.19 269 5.46
ERVL 58 1.19 15 0.27
ERV_classI 54 2.10 7 0.10
ERV_classII 3 0.11 13 1.04

DNA elements 224 3.16 67 0.81
MER1_type 145 1.99 40 0.45
MER2_type 33 0.78 22 0.32

Unclassified 1 0.03 8 0.18
Total interspersed repeats 40.07 23.00

Small RNA 7 0.05 11 0.07
Simple repeats 243 0.98 694 3.96
Low complexity 200 0.57 156 0.80
Total 41.63 27.79

DSCR Comparative Sequence
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fide transcripts. None of the 144 CSs contained a large ORF on
either strand, and none showed similarity to protein se-
quences in public databases.

DISCUSSION
We describe the finished sequence and comparative analysis
of a region of conserved synteny between MMU16 and the
minimal human DSCR. The mouse sequence spans 1.35 Mb
from Sim2 to Erg and is substantially shorter than the corre-
sponding 1.8 Mb of HSA21. This difference was mainly ac-
counted for by a lower fraction of repetitive elements in the
mouse. Human unique sequence represented 1.04 Mb, versus
0.97 Mb in the mouse, consistent with the results in several
other studies (Martindale et al. 2000; Pletcher et al. 2000). The
relative paucity of repeats in the mouse genome might be

explained in part by reduced transposition activity of repeti-
tive elements in rodents (Casavant et al. 2000).

Recombinational and physical mapping and alignment
of draft mouse sequence with human sequence have shown a
high degree of conservation between most of HSA21 and dis-
tal MMU16 (Pletcher et al. 2001). Previously, a single discrep-
ancy in gene content across the extended MMU16/HSA21 re-
gion of conserved synteny had been shown. The Itgb2l gene
on MMU16 has no human counterpart (Pletcher et al. 2001).
Here, comparative analysis of finished sequence not only con-
firmed the overall conservation of gene order and content
between this human DSCR and the corresponding mouse ge-
nomic region but also revealed previously annotated genes in
human without clear counterparts on MMU16.

DSCR4 and DSCR8 are categorized as genes based on the
existence of spliced ESTs. The human genes have no paralogs

Table 5. New Chromosome 21 Transcripts Predicted from Human-Mouse Conserved Segments

Human Mouse
Length
(bp) % ID Anonymous Expressed sequence tagsastart end start end

1 19984 20144 14285 14441 161 84.5 T77624 (93, 93)
2 56011 56375 35235 35603 371 84.9 BF732521 (325,100), BE083161 (105, 99)
3 73238 73286 48886 49033 152 77.0 AA504947 (151,98), BF653739 (90, 90)
4 83323 83422 59940 60038 100 80.0 BG221805 (100, 100) BG221804 (94, 98)
5 87302 88266 64856 65812 970 85.3 BF195549 (335, 99)
6 114456 114802 82051 82391 347 81.6 AI417767 (347, 100)
7 140660 141040 103528 103911 384 84.1 BF662074 (224, 90), BF452804 (224, 90), AW610715 (224, 90)
8 188157 188326 136333 136497 174 78.2 AA372603 (145, 98)
9 421157 421256 312534 312633 100 80.0 H83304 (93, 100)
10 638015 638243 453023 453244 229 79.5 U81194 (81, 100)
11 888135 888294 636628 636780 161 75.2 BF522889 (58, 87)
12 892104 892283 640552 640723 184 79.3 AI839701 (106, 86)
13 1037840 1037941 764670 764768 102 80.4 AA580680 (78, 100)
14 1273256 1273370 946335 946448 115 79.1 R82099 (52, 96)
15 1526650 1526749 1128830 1128931 102 80.4 AA579369 (100, 100), AA579262 (100, 94), AW227088 (67, 88)
16 1559661 1559829 1155407 1155574 169 78.1 BE145433 (170, 98), BE145419 (170, 95)
17 1655061 1655306 1234095 1234342 249 79.5 AI969718 (220, 100)
18 1689699 1689830 1258685 1258820 136 80.1 BF760340 (132, 100), BI018151 (132, 99)
19 1745806 1746161 1309799 1310148 356 86.2 BE185421 (228, 99)
20 1773435 1773621 1335183 1335368 188 78.7 AL545844 (187, 94)

aGenBank accession nos. are indicated (match length, % identity).

Table 4. Conserved Sequences (CSs) between the Human DSCR and the Corresponding Mouse Region

Total No. of CSs
No. of CSs matched
with known exonsa

No. of exons matched with
CSs (out of 123 known exons)

50 bp
75% ID 1058 (113,607 bp) 178 (31,159 bp) 110
80% ID 674 (74,892 bp) 161 (26,751 bp) 109
85% ID 341 (39,592 bp) 132 (19,574 bp) 89

75 bp
75% ID 526 (88,088 bp) 138 (30,983 bp) 104
80% ID 353 (59,173 bp) 123 (26,132 bp) 95
85% ID 217 (35,794 bp) 104 (19,529 bp) 84

100 bp
75% ID 408 (86,136 bp) 128 (32,762 bp) 103
80% ID 254 (53,428 bp) 110 (25,773 bp) 90
85% ID 156 (31,809 bp) 84 (18,624 bp) 73

Numbers in parentheses indicate total nucleotide length of CSs. The data was obtained from the analysis using the
VISTA program.
aOne exon matched with more than two non-overlapping CSs.
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in genomic or cDNA databases, nor are there related se-
quences in the mouse genome, based on the absence of sig-
nificant sequence matches to mouse genomic sequence in
public or private (Celera Genomics) databases or correspond-
ing mouse cDNAs or ESTs. The possibility that cloning or
sequencing artifacts led to an apparent absence of these genes
from mouse was definitively eliminated. However, the pre-
dicted ORFs of both DSCR4 and DSCR8 are composed substan-
tially of repetitive DNA sequences. An entire coding exon of
DSCR4 is an LTR-related repeat, and an Alu repeat provides a
significant part of the ORF in DSCR8, raising questions about
the models for these predicted genes. Further, although al-
most no conservation was detectable in the mouse region
corresponding to the human DSCR4/DSCR8 region under
conditions routinely used to identify most exons of known
genes, a low-stringency sequence comparison (65% identity/
50 bp) to identify the boundaries of the “missing” mouse
region revealed conservation across the entire segment, in-
cluding the last exons of both DSCR4 and DSCR8. Similarly,
homology with the HSA21 segment containing PRED69 was
detectable at low stringency. The availability of sequence
from a third species could indicate whether these are con-
served transcribed sequences or merely regions where less di-
vergence has occurred by chance between mouse and human.

This analysis points out some limitations of relying on
cDNA, and especially EST databases, as a standard for identi-
fying transcripts of “real” genes, and it indicates that the ex-
istence of genes cannot be excluded even when they are not
strongly conserved between human and mouse. A case in
point is the XIST gene. Despite its highly conserved function

in X-inactivation, there is substantial divergence between
mouse and human genes for this noncoding transcript. Fur-
ther analysis of these marginal sequence matches could be
instrumental in finding the next level of conserved function
encoded by mammalian genomes.

We compared the gene predictions made by algorithms
in mouse and human sequences. In contrast to the sensitivity
and specificity of comparative sequence analysis, algorithmic
predictions of the corresponding sequences returned very dif-
ferent results (Fig. 2). The first 277 kb of unique sequence
from mouse and human was used as a test set for GENSCAN
gene prediction. The test region contains four document-
ed genes, plus parts of two others, and includes 72 exons.
GENSCAN predicted 11 gene models in both sequences, but
few of the human models corresponded closely to those in
mouse. In neither case was there a strong correspondence to
the known genes in the region. BLAST2 analysis identified 84
CSs between the two sequences. Thirty-four of these CSs over-
lapped a corresponding GENSCAN prediction in mouse and
human sequences, and 33 of these 34 shared predicted exons
represented previously identified transcribed sequences.
Thus, comparative gene prediction, looking for commonali-
ties of gene predictions made in the related sequences of two
species, showed a low false-positive rate, 3% (1/34), but iden-
tified only a small percentage of conserved transcribed exons.
The majority of GENSCAN predicted exons are not supported
by sequence conservation and lead to very different gene
models, despite the similarity in gene content in these con-
served regions.

TWINSCAN is a gene annotation tool that incorporates

Figure 2 GENSCAN predictions from orthologous segments of mouse and human DNA do not closely correspond. Human and mouse sequences
(1.8 and 1.3 Mb, respectively) were masked, and repeat sequences were removed to provide a closer correspondence in sequence length (1047
and 975 kb) for purposes of illustration. The first 277 kb of each sequence is shown here. This segment contains 84 conserved segments (based
on BLAST2 sequence analysis with expected score �3e-18), but only 34 of 121 GENSCAN predicted human exons overlap one of these conserved
sequences (indicated by black lines connecting the human and mouse sequence; only 20 diagonal lines appear because not all of the 34 matches
resolve at this scale).
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comparative sequence data into the GENSCAN prediction al-
gorithm (Korf et al. 2001). TWINSCAN identified 18 gene
models in this test region. Despite the consideration of se-
quence conservation in the TWINSCAN predictions, 13 of the
72 documented exons were missed. This included the entire
DSCR6 gene (Supplemental Table 2). The 18% false-negative
rate of TWINSCAN, however, was an improvement over the
54% rate observed with the intersect of GENSCAN and com-
parative sequence analysis. TWINSCAN, like Genscan, had a
high frequency of false-positive exon predictions. Both pro-
grams did well at predicting the positions of Sim2 exons, al-
though only half of the TWINSCAN exons correspond to
those actually in Sim2. TWINSCAN also predicted a large,
multiexon gene spanning 80 kb within the 108 kb covered by
TTC3. In all, 59 of 106 exons predicted by TWINSCAN were
real, giving a false-positive rate of 46%.

Comparative analysis in this region is especially impor-
tant to research in DS. A number of animal models have been
studied based on mice with dosage imbalance of genes from
this region of MMU16. Segmental trisomy 16 for this region
in Ts65Dn and Ts1Cje mice produces phenotypes with direct
parallels to those in DS (Reeves et al. 1995; Sago et al. 1998;
Baxter et al. 2000; Richtsmeier et al. 2000, 2002; Cooper et al.
2001). The commonality of phenotypes indicates that the
same developmental genetic pathways are disrupted by the
corresponding dosage imbalance in the two species. It will
also be of interest to investigate the function and occurrence
in different mammalian taxa of genes that exist only in hu-
man or in mouse.

Recently, a hybridization-based whole chromosome re-
sequencing strategy for chromosome 21 was reported by
Frazer and colleagues (2001). An oligonucleotide wafer set
representing the entire unique sequence of the chromosome
was constructed. This technology is currently not practical for
screening large numbers of individuals, as the chromosome
21 set is equivalent to ∼ 800 standard Affymetrix chips. How-
ever, a conserved features chip containing all known exons
and segments conserved over 80 Myr since the divergence of
mouse and human would represent only 3% to 5% of this set.
Such a resource could be extremely valuable in analysis of the
contribution of allelic variation on chromosome 21 to the
variable clinical presentation in DS.

Few studies have compared human and mouse genomic
sequences >1 Mb in size (Loots et al. 2000; Onyango et al.
2000; Dehal et al. 2001), and none compared finished human
and mouse sequence. The definitive sequences analyzed here
provided substantially more power than our previous analyses
using “complete” sequences (Pletcher et al. 2001). As substan-
tial amounts of mouse genomic sequence data become avail-
able in public databases in the near future (Batzoglou et al.
2000), scientists will be challenged to narrow the gap between
machine and human annotation based on comparative analy-
ses.

METHODS

Sequencing and Data Assembly
Eleven PAC clones were screened against an 11.6� genomic-
equivalent female mouse SV129 genomic library (RPCI-21;
BAC/PAC Resources; www.chori.org/bacpac). PAC DNA was
isolated using a standard alkali-SDS method in a PI-200
(Kurabo). The PAC DNA was purified by double cesium chlo-
ride centrifugation to remove most of Escherichia coli genomic

DNA, and 2 µg of PAC DNA was mechanically sheared into
1.5- to 2.5-kb fragments using a Hydroshear apparatus (Gene-
machines) to prepare a shotgun clone library. Small fragments
(<500 bp) were removed with Spin columns (Amersham-
Pharmacia). The DNA fragments were blunt-ended and phos-
phorylated using a BKL kit (Takara) and subcloned into the
dephosphorylated SmaI site of pUC18 vector (Amersham-
Pharmacia). PCR-based template DNA preparation was per-
formed as described (Hattori et al. 1997). After transforma-
tion, bacterial colonies were transferred by a colony picker
(Flexys: Genomic Solutions) to a 384-format plate that con-
tained 50 µL of L-broth in each well, and the suspension was
incubated for 3 h to overnight at 37°C. An aliquot (0.1 µL) of
the bacterial suspension was added to a 384-format plate,
which contained 5 µL of PCR cocktail in each well. PCR-
amplification of the insert DNA of shotgun clones was then
performed using Ex-Taq polymerase (Takara). Excess PCR
primers and unincorporated substrate nucleotides were di-
gested by treating the PCR products with shrimp alkaline
phosphatase and E. coli exonucleaseI (Amersham-Pharmacia)
before sequencing. Plasmid subclones were prepared as de-
scribed previously (Hattori et al. 1997). Dye-terminator cycle
sequencing of the PCR products was performed using se-
quencing kits (Amersham-Pharmacia, ABI). Sequencing both
ends of plasmid clones was also performed in a similar man-
ner. Sequencing products were purified by gel filtration with
Sephadex G50 (Millipore), and the products were run on au-
tomated capillary sequencers, MegaBACE 1000 and ABI 3700.
Sequencing of shotgun and plasmid clones was performed to
∼ 10� coverage of the estimated clone size. All the sequence
data were transferred from sequencers to a UNIX platform for
data assembly. Trace data was evaluated and assembled using
Phred/Phrap software (Ewing et al. 1998). Finishing was per-
formed with CONSED (Gordon et al. 1998) and Sequencher
(Gene Codes Corp.). Gaps and ambiguities in the assembled
data were experimentally resolved using several techniques
such as nested deletion (Hattori et al. 1997), primer walk, and
PCR-coupled primer walk. Direct sequencing of PAC DNA
using appropriate primers was also used in the finishing pro-
cess.

Global Analysis of Sequence
The Sim4 program (Florea et al. 1998) was used to align cDNA
with genomic sequences. RepeatMasker (http://ftp.genome.
washington.edu/RM/RepeatMasker.html) was used to search
human and mouse repetitive elements and to calculate GC
content. Homology search was performed for masked se-
quences using BLAST program against nonredundant, EST,
and protein databases (Altschul et al. 1990). Exon prediction
was performed using GENSCAN (Burge and Karlin 1997). The
VISTA program (Mayor et al. 2000; http://sichuan.lbl.gov/
vista) and the CGAT program (Lund et al. 2000; http://inertia.
bs.jhmi.edu/roger/CGAT/CGAT.html) were used for com-
parative sequence analysis with varying levels of stringency as
described in the text.

Cloning of Mouse Hlcs cDNA
Mouse Hlcs cDNA was isolated by PCR using primers designed
from the finished mouse genomic sequence. The PCR primer
sets were as follows: a, 5�-AGCGTGGACAACTTCAGCAAGCT-
3�; b, 5�-GGACAAATGGAATCCTCTGTCCC-3�; c, 5�-AGATGC
CGCAGGAAATGGGCTTA-3�; and d, 5�-TGAAGTCTTTGGTT
CATGTGAGGC-3’. Approximately 1.6 kb (primer a/b) and 2.8
kb (primer c/d) of PCR products were detected and isolated
from a mouse testis cDNA library (Marathon-Ready cDNA,
Clontech). Primer-walk for sequencing of the cDNA was per-
formed by using appropriate primers. The accession no. of the
mouse Hlcs cDNA sequence is AB066227.
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