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Abstract

We recently helped to complete the sequence of human chromosome 21 at a very high level of accuracy.
Using this sequence we identified two novel genes, designated DSCR9 and DSCR10, in the so-called Down
Syndrome Critical Region (DSCR) by computational gene prediction and subsequent cDNA cloning. Both
DSCR9 and DSCR10 are expressed preferentially in testis and encode functionally unknown proteins with
149 and 87 amino acid residues, respectively. Zoo blot analysis suggested that both genes are exclusive to
primate genomes such as chimpanzee, gorilla, orangutan, crab-eating monkey and African green monkey
but are not present in other non-primate mammals including mouse, dog, cat, and chicken. Comparative
genomic sequence analysis of DSCR9 and DSCR10 with the corresponding mouse syntenic region confirmed
the lack of these genes in the mouse. These results strongly suggest that DSCR9 and DSCR10 have emerged
as a new class of gene in the primate lineage during evolution.
Key words: cDNA cloning; Down Syndrome Critical Region; primate-specific genes

1. Introduction

We have recently finished the complete DNA se-
quence of human chromosome 21 (HC21), and iden-
tified 225 genes by the application of experimental
and computer-based approaches.1 The complete nu-
cleotide sequence should quickly lead to the identifica-
tion of all the genes on HC21 since the sequence of the
protein-coding regions of HC21 is likely to be of immedi-
ate importance for medical and scientific reasons.

In the last few years, whole genome sequences have
been determined for several eukaryotes such as Homo
sapiens,2 Fugu rubripes,3 Drosophila melanogaster,4

Caenorhabditis elegans,5 Arabidopsis thaliana,6 and the
budding yeast Saccharomyces cerevisiae.7 Comparative
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genomics utilizing these genome sequences has revealed
that most of the known genes on HC21 have been con-
served during evolution, but a portion of these genes
were recently generated having vertebrate-specific pri-
mary structures.1 Adaptive evolution contributes to gene
duplication, which leads to the emergence of new gene
function.8 Some genes emerge and evolve very rapidly,
consequently generating copies that bear little similarity
to their precursors.9

Numerous genetic diseases have been linked to
HC21, including Alzheimer’s disease, immune disorders,
epilepsy and Down syndrome (DS). DS, which is caused
by an additional copy or partial trisomy of HC21, is the
most frequent birth defect, occurring in one in 700 live
births, and is associated with mental retardation.10 Cy-
togenetic and clinical correlation of patients with partial
trisomy of HC21 suggests that the region 21q22.2, ex-
tending from DNA marker D21S17 to the ERG gene,
is critical in the pathogenesis of DS. This region has
been designated as the Down Syndrome Critical Region
(DSCR).11,12

In this study we report the computational prediction
and molecular cloning of two novel genes, designated
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DSCR9 and DSCR10, both of which are preferentially
expressed in human testis. Comparative genomic and
molecular biological approaches demonstrate that both
of these genes have evolutionally emerged in the primate
lineage.

2. Materials and Methods

2.1. Reverse transcription-polymerase chain reaction
and cDNA cloning

To analyze gene expression by reverse transcription-
polymerase chain reaction (RT-PCR), first strand cDNA
synthesis was performed with Superscript II (200 U) us-
ing 500 ng of human total RNA and oligo-dT primer
(0.5 µg). RT reactions were carried out at 42◦C for
30 min. PCR was conducted using the following condi-
tions: preheat at 94◦C for 3 min, amplification for 34 re-
peated cycles in which each cycle consists of denaturation
at 94◦C for 30 sec, annealing at temperatures dependent
on the Tm of each primer set, polymerization at 72◦C for
1 min or longer depending on the PCR product, followed
by a final extension at 72◦C for 7 min. Primer sequences
for RT-PCR were as follows.

6cAI219r: 5′-GTTCAATTTAAGACAAATTTAGAG-
GAGTTGA-3′ and 6cAI219f: 5′-TCTGCCTCAGCTC-
TTCACAGTCAGCACAC-3′ for DSCR10 derived from
ESTs (AI219658 and AW663423). DSR8f: 5′-ACCA-
CAGAGTAACGCAGAACC-3′ and DSR8r: 5′-GTG-
TCTGAATCTGAATCACCT-3′ for DSCR9 derived
from ESTs (AA973296, AI206596, AA993928, AI075910,
AA432171, AA255898, AA781419, AI125524, and
AI125493).

To isolate the full-length cDNA of DSCR9, hu-
man adult testis total RNA (1 µg) was reverse tran-
scribed with an adapter-attached ologo-dT primer (5′-
GGCCACGCGTCGACTAGTACTTTTTTTTTTTTT-
TTTT-3′) to produce first strand cDNA. 3′ RACE
was then conducted with the 3′ RACE primer (5′-
GGCCACGCGTCGACTAGTAC-3′) and the DSCR9
gene-specific primer S1(5′-TATCACCACAGAGTAAC-
GCAGACC-3′). The resultant 0.83-Kb fragment was
next subjected to nested PCR using the 3′ RACE
primer and primer S2 (5′-TTCCTTCCATTCTG-
AGCCAACCAC-3′), which produced a 0.79-Kb frag-
ment carrying the 3′ end of DSCR9. To isolate the 5′ end
of DSCR9, first strand DSCR9 cDNA was synthesized
from oligo-capped testis mRNA with the DSCR9 specific
primer AS2 (5′-ACCTTCCATTTCTACCGTC-3′).13,14

RT-PCR was performed with the first strand cDNA using
the 5′ primer FW1 (5′-AGCATCGAGTCGGCCTT-
GTTG-3′) and the 3′ primer AS2 (5′-ACCTT-
CCAGTCCATTTCTACCGTC-3′) to produce a 1.2-Kb
DNA fragment. The isolated PCR product was sub-
jected to nested PCR using FWI and 3′ primer AS1
(5′-TTCCAGTCCATTTCTACCGTCACC-3′) to isolate

the same size of DNA fragment containing the 5′

end of DSCR9. Amplified PCR products were intro-
duced into pT7 Blue T-vector (Novagen) or pBluescript
(Stratagene) and were sequenced using a Beckman CEQ
2000γ or an ABI 3700 DNA sequencer.

To identify the DSCR10 cDNA, we first amplified
cDNA inserts from a human adult testis cDNA library
(λTriplEx, Clontech Laborarotories, Inc.) by PCR us-
ing a vector-specific primer set (λTriplEx 5′ primer:
5′-TCCGAGATCTGGACGAGC-3′ and λTriplEx 3′

primer: 5′-TAATACGACTCACTATAGGG) and then
screened the pool of cDNA inserts by Southern blot
analysis with 32P-labelled PCR product carrying the
DSCR10 sequence, which hybridized to a cDNA 0.9-Kb
fragment. We then recovered 0.8–1.0 Kb cDNA in-
serts from the gel. 5′ RACE was performed using
a gene-specific primer set (λTriplEx 5′ primer and
6cAI219r) with the isolated DNA fragments, and a
0.9-Kb cDNA insert was isolated which amplified the
166-bp PCR product carrying the DSCR10 partial se-
quence with the primer set of 6cAI219f and 6cAI219r.
These DNA fragments were introduced into pT7 blue
vector and sequenced as described above.

2.2. Northern blot analysis
Northern filters containing 2 µg of poly(A)+ RNA

from human adult multiple tissues were purchased from
CLONTECH, CA, USA. RT-PCR products described
above were radiolabeled with [α-32P]dCTP and then used
as probes. Northern blot analysis was performed as pre-
viously described.15 The blot was exposed to an imaging
plate (Fuji Film Co.) for 1 or 2 days and then analyzed
by BAS 2000 (Fuji Film Co.).

2.3. Zoo-blot analysis
Thirteen micrograms each of genomic DNA was iso-

lated from human (CLONTECH), domestic animals
(dog, cat, chicken, pig, bovine; Novagen) and mouse
(CLONTECH) was digested overnight with BamHI. Ten
micrograms each of genomic DNA derived from several
apes such as chimpanzee, gorilla, orangutan, crab-eating
monkey, African green monkey and spider monkey was
also digested with BamHI. The digested DNA frag-
ments were run on an agarose gel and blotted onto a
Hybond-N+ filter (Amersham Pharmacia Biotech Ltd.).
Southern blot analysis was carried out as described
previously.16 The filters were washed at 65◦C for 1 hr
with 2 × SSC/0.1% SDS. The filters were exposed to an
imaging plate overnight (Fuji Film Co.) and then were
subjected to imaging by BAS 2000 (Fuji Film Co.).
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3. Results and Discussion

3.1. Gene prediction of novel genes
We predicted novel genes in the human chromosome

21 genomic sequence in silico by using exon prediction
programs such as FGENES, GeneMark, MZEF, GEN-
SCAN and GRAIL and by searches of expressed sequence
tag databases (dbEST) and protein databases.1 Based on
the results of these analyses, we found the presence of
two possible genes (designated as DSCR9 and DSCR10).
BLAST analysis with dbEST revealed that 12 ESTs
(AA973296, AI206596, AA993928, AI075910, AA432171,
AA255898, AA781419, AI125524, AI125493, AA431151,
AA256098, and AI291000) matched with the predicted
region of DSCR9, and 3 ESTs (AI219658, AW663423,
and R82101) matched with the predicted exon sequence
of DSCR10, suggesting that DSCR9 and DSCR10 are
real genes.

3.2. Gene expression of DSCR9
To determine the expression pattern of these putative

genes, RT-PCR analysis was conducted using primer sets
prepared based on the EST data with total RNA ex-
tracted from various human tissues.

For DSCR9, we identified a 569-bp PCR product,
which was detected only in human testis (Fig. 1A). The
expression pattern of this gene was also confirmed by
Northern blot analysis using the PCR product as a probe
and the results were consistent with the RT-PCR anal-
ysis. A transcript for DSCR9, approximately 1.6 Kb
long, was detected specifically in testis, but not in the
other 18 human tissues (Fig. 1B) we can delete “multi-
ple.” These results suggest that DSCR9 may be func-
tionally active preferentially in human testis. We also
detected a faint band of 4 Kb in testis and fetal brain
(Fig. 1B).

3.3. Isolation and characterization of DSCR9 cDNA
To determine the full-length sequence of the DSCR9

cDNA sequence, we first performed 3′ RACE and iso-
lated a 0.8-Kb fragment containing the 3′ end of DSCR9.
Sequence analysis of the fragment showed that the
3′ end of DSCR9 is identical to nine of the previ-
ously reported ESTs (AA973296, AI206596, AA993928,
AI075910, AA432171, AA255898, AA781419, AI125524,
and AI125493). Since the position of the poly(A) tail
in these nine ESTs and the DSCR9 partial sequence we
isolated were identical, we conclude that this cDNA con-
tains the 3′ end of DSCR9.

We next performed the “oligo-capping” method to iso-
late the 5′ portion of the cDNA.13,14 RT-PCR using the
“oligo-capped” human testis mRNA as a template suc-
cessfully amplified a 1.2-Kb cDNA fragment (data not
shown). Sequence analysis showed that the clone pos-
sessed the cap-site sequence, indicating that the isolated

cDNA contains the 5′ end of DSCR9. The 5′ portion and
the 3′ portion of the cDNA overlapped by about 600 bp.
Combining both sequence data, we constructed a 1.4-Kb
full-length cDNA sequence for DSCR9. We also tried to
isolate the cDNA corresponding to the 4-Kb transcript
by the same procedure, but we have not yet identified
it probably because of extremely low levels of expression
of this transcript in the tissues. Further analysis of this
transcript remains to be done.

Alignment of the DSCR9 cDNA sequence with the
chromosome 21 genomic sequence reveals that DSCR9
is an intronless gene (Fig. 1C). An open reading frame
(ORF) encoding 149 amino acid residues was predicted
from the cDNA sequence from nucleotide positions 768
to 1214. The sequence flanking the first ATG strongly
satisfies Kozak’s consensus.17 The nucleotide sequence of
DSCR9 and the encoding amino acid sequence showed
no significant homology to previously reported genes or
proteins, consistent with a novel gene of unknown func-
tion.

We cannot exclude the possibility that DSCR9 is a
processed pseudogene because of its lack of splicing. Pro-
cessed pseudogenes, which occur as a result of retrotrans-
position, are characterized by their intron-less structure
and the presence of a poly(A) tract at the 3′-end.18,19

In the case of DSCR9, there is no poly(A) tract at the
3′-end in the genomic sequence of DSCR9. In addition,
we could not detect any DSCR9-homologus sequence in
the human genome except for this one region on HC21
as described below.

We performed human genomic Southern blot analy-
sis for DSCR9. As shown in Fig. 3 (A, lanes 7 and 14;
C, lanes 1 and 8), the ORF sequence of DSCR9 specifi-
cally hybridized to a single 1.6-Kb BamHI genomic DNA
fragment and a 3.8-Kb EcoRI fragment, suggesting that
DSCR9 is transcribed from a unique gene. Moreover,
BLAST analysis with the human draft sequence2 shows
no regions homologous to the DSCR9 cDNA except for
the DSCR on HC21 (data not shown), consistent with a
single unique copy of DSCR9 in the human genome.

3.4. Gene expression of DSCR10
To examine the expression of the predicted DSCR10

gene, RT-PCR analysis was conducted using primer
sets prepared based on matching EST sequence data
(AI219658, AW663423) with total RNA extracted from
various human tissues. We detected a 166-bp PCR prod-
uct in human placenta and testis, but not in nine other
human tissues (Fig. 2A). We also detected a small, non-
specifically amplified band by RT-PCR product in pan-
creas (Fig. 2A). These results suggest that DSCR10 is
transcribed only in human placenta and testis.
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Figure 1. Expression profile and cDNA sequence of DSCR9. (A) RT-PCR for several human tissues was performed with a primer
set designed based on EST information. Lanes 1–12, heart, brain, placenta, lung, liver, skeletal muscle, kidney, pancreas, thymus,
prostate, testis, stomach. (B) Tissue distribution of DSCR9 mRNA. Northern blots containing poly(A)+ mRNA from adult tissues
or fetal tissues were hybridized with the 32P-labeled PCR product described in (A). Lanes 1–20 represent heart, brain, placenta, lung,
liver, skeletal muscle, kidney, pancreas, spleen, thymus, prostate, testis, ovary, small intestine, colon, peripheral blood leukocyte, fetal
brain, fetal lung, fetal liver, and fetal kidney; respectively. (C) Primary structure of DSCR9. Both 5′- and 3′-untranslated regions are
indicated in lowercase. Uppercase letters in the DNA sequence depict the open reading frame (ORF). Amino acid residues encoded
from the ORF are indicated as capital letters. Kozak’s consensus (AXXATGG) is underlined.
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Figure 2. Expression and primary structure of DSCR10. (A) RT-PCR using a primer set based on dESTs. Lanes 1–12 represent heart,
brain, placenta, lung, liver, skeletal muscle, kidney, pancreas, thymus, prostate, testis, and stomach. (B) Structure of the DSCR10
gene. Size of each exon (black boxes) and intervening sequence (lines joining boxes) are also indicated. (C) Sequence of DSCR10
cDNA with the encoding amino acids. The poly(A) signal sequence is underlined.
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3.5. Isolation and characterization of DSCR10
We first tried to isolate the full-length cDNA sequence

of DSCR10 by the similar “oligo-capping” method de-
scribed above, but this strategy failed likely due to an
extremely low level of DSCR10 mRNA in the tissues.
The following strategy was used instead.

λTripEx2TM libraries (CLONTECH Laboratories,
Inc.) have been proven to contain a higher percentage
of full-length clones compared to cDNA libraries con-
structed by conventional methods.21 We first amplified
all insert cDNAs derived from the λTripEx2 human testis
cDNA library by PCR with a set of λTripEx2-specific
universal primers. Southern analysis was performed us-
ing a 32P-labeled DNA fragment carrying the DSCR10
sequence with the PCR products. The cDNA fragments
0.8–1.0 Kb in length, which hybridized with 32P-labeled
DSCR10, were isolated as a small cDNA library.

To determine the 5′-end of the DSCR10 cDNA
sequence, 5′ RACE was performed using a λTripEx2-
specific universal primer and a gene-specific primer with
the cDNA library. Combining the sequences of both the
3′-EST and the 5′-RACE products, we constructed an
861-bp cDNA for DSCR10 (Figs. 2B, C). The DSCR10
cDNA consists of three exons produced by splicing from
a 2.5-kb genomic region (Fig. 2B). An ORF encoding
87 amino acid residues was predicted from the cDNA
sequence from nucleotide positions 386 to 646. The
3′-untranslated region is 220 nucleotides long. The
polyadenylation signal (AATAAA) is located 22 nu-
cleotides upstream of the 3′-end (Fig. 2C). The nu-
cleotide and encoding amino acid sequences of DSCR10
showed that DSCR10 encodes a novel protein of unknown
function. The DNA probe carrying DSCR10 specifically
hybridized to a 10.2-Kb EcoRI digested human genomic
DNA fragment and a 0.7-Kb BamHI digested fragment
(Fig. 3B; lanes 7 and 14, Fig. 3D; lanes 1 and 8) and
BLAST analysis on the human genome draft sequence
indicated that DSCR10 is also a unique gene, which is
located in the DSCR on HC21.

3.6. Comparative genomics and phylogenetic emergence
of DSCR9 and DSCR10

As stated above, DSCR9 and DSCR10 encode un-
known proteins. This allows us to address whether these
genes are phylogenetically conserved or are newly gener-
ated at some stage of evolution. In this regard, we con-
ducted zoo-blot analysis with genomic DNA originating
from multiple mammalian species. We first attempted
Southern blot analysis with genomic DNA isolated from
several animals such as dog (Figs. 3A, B; lanes 1 and 8),
cat (Figs. 3A, B; lanes 2 and 9), chicken (Figs. 3A, B;
lanes 3 and 10), pig (Figs. 3A, B; lanes 4 and 11), bovine
(Figs. 3A, B; lanes 5 and 12) and mouse (Figs. 3A, B;
lanes 6 and 13).

As shown in Fig. 3A, the DNA probe carrying the

DSCR9 sequence specifically hybridized to human ge-
nomic DNA (lanes 7 and 14), but did not hybridize to
any genomic DNA fragments derived from other domes-
tic animals or mouse (lanes 1–6 and lanes 8–13). Simi-
lar results were also observed when we used 32P-labeled
DSCR10 cDNA as a probe. The DSCR10 cDNA se-
quence specifically hybridized to human genomic DNA
(Fig. 3B, lanes 7 and 14), but not to that from other
species (Fig. 3B; lanes 1–6 and lanes 8–13). We iden-
tified a band in bovine genomic DNA digested with
EcoR1 (Fig. 3B, lane 5). This band could detected at
the same position on the gel when stained with ethy-
dium bromide. We did not recognize any clear band in
the case of BamHI digestion (Fig. 3B, lane 12), demon-
strating that this band is due to specific hybridization
of the 32P-labeled probe to repetitive DNA sequences or
nonspecific hybridization to a large amount of genomic
DNA in bovine. By the same reasoning, we judged that
smear bands observed at high molecular size in each lane
are due to nonspecific hybridization of the 32P-labeled
DSCR10 probe to genomic DNA in other domestic ani-
mals. These results strongly suggest that both DSCR9
and DSC10 may have evolutionally emerged in higher
eukaryotes, specifically the primate lineage.

We conducted further zoo-blot analysis using ge-
nomic DNA isolated from several primates such as
chimpanzee (Figs. 3C, D; lane 2), gorilla (Figs. 3C, D;
lane 3), orangutan (Figs. 3C, D; lane 4), crab-eating
monkey (Figs. 3C, D, lane 5), African green monkey
(Figs. 3C, D; lane 6) and spider monkey (Figs. 3C, D;
lane 7).

DSCR9 hybridized to a genomic DNA fragment in all
apes and produced a 1.6-kb single band for chimpanzee,
gorilla, orangutan and spider monkey, and a 15-kb band
for crab-eating monkey and African green monkey on the
zoo-blot (Fig. 3C). DSCR10 specifically hybridized to a
genomic DNA fragment digested with BamHI or EcoRI
in all apes except for spider monkey (Fig. 3D).

We recently determined the 1.5-Mb mouse DNA se-
quence, located on mouse chromosome 16, syntenic to
human DSCR. Comparison of the human DSCR with
the corresponding mouse region showed that all ten pre-
viously reported genes (SIM2, HLCS, DSCR6, DSCR5,
TTC3, DSCR3, DYRK1, KCNJ6, KCNJ15, and ERG)
are phylogenetically conserved in mouse (Fig. 4; Toyoda
et al. in press). In the cases of DSCR9 and DSCR10, how-
ever, there are no significant similarities for either gene
in the corresponding mouse syntenic region (Fig. 4), con-
firming the results of the zoo-blot analysis for the mouse
genome. BLAST comparison with the genome sequences
from other species such as Fugu3 and C. elegans5 were
negative, indicating that neither DSCR9 nor DSCR10
are present in these species.

Recently, our center started an international consor-
tium to study the chimpanzee genome. A series of chim-
panzee BAC clones was constructed along the length
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Figure 3. Zoo blot analysis for higher eukaryotic genomes. Genomic DNA digested with EcoRI (lanes 1–7) or BamHI (lanes 8–14) is
derived from several mammals (A and B; lanes 1 and 8, dog; lanes 2 and 9, cat; lanes 3 and 10, chicken; lanes 4 and 11, pig; lanes 5
and 12, bovine), mouse (A and B; lanes 6 and 13) and apes (C and D; lanes 2 and 9, chimpanzee; lanes 3 and 10, gorilla; lanes 4
and 11, orangutan; lanes 5 and 12, crab-eating monkey; lanes 6 and 13, African green monkey; lanes 7 and 14, spider monkey) and
human (A and B; lanes 7 and 14, C and D; lanes 1 and 8). Each blot was probed with either DSCR9 cDNA (A and C) or DSCR10
cDNA (B and D).

of HC21.21 We identified several BAC clones that in-
clude the corresponding human DSCR9 and DSCR10
genes. Both chimpanzee DSCR9 and DSCR10 gene se-
quences were determined by sequence analysis of these
BAC clones. Comparison of the nucleotide sequence in
DSCR9 between human and chimpanzee shows a four-
nucleotide difference, comprising 0.92% of the DSCR9
ORF sequence and causing two amino acid substitu-
tions at the protein level (Fig. 5A). The sequence of the
DSCR10 ORF sequence shows a two-nucleotide differ-
ence between human and chimpanzee, comprising 0.77%
of 261 bp and causing two amino acid changes (Fig. 5B).
This level of nucleotide exchange observed in DSCR9 and
DSCR10 between human and chimpanzee supports re-
cent data showing similar differences between other cor-
responding genes in both primates.21

All of these results strongly suggest that both DSCR9
and DSCR10 emerged as new genes specifically in the
primate lineage but not in non-primate lineages. These
results support the recent finding that new gene families
have been positively selected during the emergence of hu-
mans and African apes and that a small fraction of pri-
mate genes may not have discernible orthologues within
the genomes of model organisms including the mouse.9

At present we have no understanding of the function
of these gene products except that both genes are pref-
erentially expressed in human adult testis. This finding
leads us to speculate that these gene products may have
generated new physiological functions specifically in the
primate lineage and may have played novel roles in some
meiotic events which can separate a lineage, specifically
that between primates and non-primates.
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HLCS DSCR5 DSCR3 KCNJ6 ERG

DSCR10DSCR9

1.8 Mb

DSCR4
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Figure 4. Comparison of Down Syndrome Critical Region between human and mouse. (A) Conservation of genes in DSCR between
human and mouse syntenic regions. (B) Harr plot analysis of TTC3–DSCR3 (DSCR9 region) and KCNJ6–KCNJ15 (DSCR10 region).
Harr plot of human (X-axis) vs. mouse (Y-axis) of about 50 Kb flanking the DSCR9 region (between TTC3 and DSCR3: left) and
400 Kb flanking the DSCR10 region (between KCNJ6 and KCNJ15: right). Circles indicate the location of DSCR9 and DSCR10 in
humans, respectively. Note that no significant conservation is detected for either gene in the mouse.
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Figure 5. Comparison of amino acid sequences in DSCR9 (A)
and DSCR10 (B) between human and chimpanzee. Identity
between amino acids is indicated by vertical lines.
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