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Phenotypic and molecular analyses of patients with
partial chromosome 21 monosomy enabled us to define
a region, spanning 2.4 Mb between D21S190 and
D21S226, associated with arthrogryposis, mental re-
tardation, hypertonia, and several facial anomalies.
The markers of the region were used to screen a total
human PAC library (Ioannou, RZPD). We isolated 57
PACs, which formed primary contigs. EST clusters
(UNIGENE collection) located in a 6-Mb interval, be-
tween D21S260 and D21S263, were mapped in individ-
ual bacterial clones. We mapped the WI-17843 cluster
to the PAC clone J12100, which contains the two an-
chor markers LB10T and LA329. The open reading
frame extends over 960 bp, with three putative start
codons. The 1695-bp cDNA containing a polyadenyla-
tion signal should correspond to the full-length cDNA.
From the genomic sequence, we deduced that the gene
contained five exons and that there was a putative
promoter sequence upstream from exon 1. In silico
screening of DNA databases revealed similarity with a
murine EST. The corresponding cDNA (1757 bp) se-
quence was very similar (>85%) to the human cDNA
and had an open reading frame of 876 nucleotides.
Somatic hybrid mapping localized the cDNA to mouse
chromosome 16. EST analyses and RT-PCR indicated
that the third exon in the human gene (exon 2 in the
mouse) undergoes alternative splicing. Northern blot
hybridization showed that the gene was ubiquitously
expressed in humans and mice. The longest mouse
clone was used to generate riboprobes, which were
hybridized to murine embryos at stages E-9.5, E-10.5,
E-12.5, E-13.5, and E-14.5–15, to study the pattern of
expression during development. Ubiquitous labeling
was observed, with strong signals restricted to limited

Sequence data from this article have been deposited with the
GenBank and EBI Data Libraries under Accession Nos. AF177771
and Y19009.
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reas of the telencephalon, the mesencephalon, and
he interrhombomeric regions in the central nervous
ystem, and other regions of the body such as the limb
uds, branchial arches, and somites. © 2000 Academic Press

INTRODUCTION

Phenotype–genotype correlation in rare patients
with partial monosomy of chromosome 21 enabled us to
define a critical region on 21q22.1, located in a region
flanked by the genes App and SOD1. Deletion of this
region leads to arthrogryposis-like symptoms, mental
retardation, hypertonia, and several facial anomalies
(Chettouh et al., 1995). To define more accurately the
andmarks of this region and to generate new markers,

YAC map was established overlapping the SOD1–
pp region. FISH analysis of patients using YAC and
osmid clones defined the distal boundary of the critical
egion as lying between D21S213 and D21S226 (Orti et
l., 1997). A carrier of a deletion of the proximal part of
he 21q arm (Del21JC) has been described (Korenberg
t al., 1991) as presenting normal intelligence and mi-
or physical abnormalies. This deletion has been
hown to include the polymorphic marker D21S190
Dutriaux et al., 1994). Markers D21S226 and
21S190 define a region called M21CR-1, for mono-

omy 21 chromosomal region 1. Cloning and character-
zation of the genes from this 2.3-Mb region may pro-
ide insight into the potential role of these genes in the
henotype associated with the deletion.
All the markers previously located on the YAC map
ere used to screen a human PAC library and to con-

truct a sequence-ready map. The resulting contig has
een entered in the sequencing process (http://genome.
mb-jena.de).

We used this contig to map accurately the EST clus-
ers from the UNIGENE collection, which were previ-

usly located by radiation hybrid mapping (Whitehead
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Institute) in a 6-Mb interval (D21S260–D21S263) en-
compassing the critical region.

Here we report the mapping, cDNA sequence, and
genomic structure of a new gene called C21orf6, for
chromosome 21 open reading frame 6 (as approved by
the Human Gene Nomenclature Committee) and the
cDNA sequence of its murine ortholog. Both genes are
ubiquitously expressed as deduced from multiple-tis-
sue Northern blots and RT-PCR analyses. Murine em-
bryos and tissue sections were hybridized with ribo-
probes at various stages of development, and strong
signals were found to be restricted to specific regions.

MATERIALS AND METHODS

Gene mapping and cDNA extension. We performed a 59 rapid
mplification of the cDNA using the oligonucleotide 59 ggacagct-
aattttcatcagaaggg 39 and a human Marathon Ready pancreas cDNA
it (Clontech). The sequence extending from the murine cDNA was
enerated by PCR with the oligonucleotides 175L, 59 ttgagatggag-
aggctgag 39, and 175R, 59 gtccaggctcacattgatcg 39. The oligonucleo-

tides orfut59, 59 gcaagaagggttcaaagatcg 39, and orf5exon2, 59 attt-
tcgggcaggactgtagg 39, were used to amplify DNA fragments specific
to the 59 part of the murine cDNA and to the murine gene. The
murine gene was mapped by PCR with the primers Aex3L, 59 aaga-
caatggaggggcgatc 39, and Aex3R, 59 gacaattcctttgcccactc 39 (murine
exon 3), using DNA from a somatic hybrid hamster cell line, 9-6AZ2,
containing mouse chromosomes 16 and Y.

PCR product cloning and sequencing. The PCR products were
cloned with a TA cloning kit (Invitrogen), extracted with the QIA-
prep Spin miniprep kit, and sequenced with the thermosequenase kit
(Amersham) using an ALF DNA sequencer (Pharmacia).

Tissue expression pattern. The tissue expression pattern was
studied with human and murine fetal and adult tissues, by Northern
blots (Clontech) or with panels of cDNAs (Clontech). The sequences
of the oligonucleotides used for RT-PCR studies were orf2R, 59 gcat-
gctaaacccagacagg 39, orf2L, 59 aagacaatggaggggcgatc 39 (human
cDNA), Aex3L and Aex3R with the mouse cDNA, and 175 L and
Aex3R (alternative splicing of mouse cDNAs).

In toto and tissue section hybridizations. A sample (2 mg) of the
ouse cDNA clone IMAGE (GenBank GI 1436418) was linearized
ith the appropriate restriction enzyme and transcribed using the
IG RNA labeling kit (Boehringer Mannheim). Embryos were hy-
ridized in toto with 2 mg of the sense and antisense DIG riboprobe

as previously described (Conlon and Rossant, 1992).
In situ hybridization of C21orf6 mRNAs was performed using

sagittal sections of embryos with a-35S-UTP-labeled riboprobes. All
ections were fixed in 4% (w/v) paraformaldehyde and incubated
ith proteinase K. They were hybridized at 52°C in a humid cham-
er and washed with increasingly stringent SSC solutions with the
nal wash in 23 SSC at 65°C. The negative controls underwent the
ame procedure with the sense riboprobe.

RESULTS

Characterization of a Human cDNA and of Its
Murine Ortholog

Comparison of the location of the monosomy 21 chro-
mosomal region 1 with the radiation hybrid map
(Whitehead Institute) indicated that M21CR-1 is lo-
cated in the 6-Mb region between D21S260 and
D21S263. ESTs (from the UniGene collection) located
in this interval were further localized on the YAC map

(Orti et al., 1997) and on the PAC contig (unpublished
results). One of the positive markers, the WI-17843
cluster, was found to be located on the PAC clone
J12100. The 2 longest of the 38 clones from this cluster
(IMAGE clones 569355 and 925642; 1695 bp) were
sequenced; translation and 39UTR analyses revealed a
960-bp ORF (open reading frame), three potential
ATGs (at positions 67, 85, and 153 bp from the tran-
scription start site), and a poly(A) signal at position
1665 (Fig. 1). The first ATG is given as the most prob-
able start codon by the prediction program ATGpr
(http://www.hri.co.jp/atgpr); however, the third ATG is
the strongest start site for translation according to
Kozak’s (1996) classification.

Comparison with the size of the band detected by
Northern blotting (Fig. 4a) and the absence of exten-
sion by 59 RACE PCR indicate that these two clones
probably correspond to the full-length cDNA. BLASTP
analysis revealed no significant sequence similarity.
This gene was named C21orf6. The corresponding pro-
tein is classified as a secreted protein by SOSUI (http://
www.tuat.ac.jp/;mitaku/adv_sosui) and as a cytoplas-
mic protein by PSORT analysis (http://psort.nibb.ac.jp:
8800/). A Prosite scan (Bairoch et al., 1997) revealed
the presence of five types of potential protein modifi-
cation, N-glycosylation, cAMP phosphorylation, PKC
phosphorylation, casein kinase II phosphorylation, N-
myristoylation, and a site for class II aminoacyl-tRNA
synthetase was also revealed.

To study the developmental expression of C21orf6,
we have searched a murine ortholog by screening the
murine ESTs databases. We identified a very similar
sequence (E value 8 3 10214). The corresponding mouse
clone (IMAGE 401442) was sequenced and found to be
1757 bp long. Comparison of the ORFs of the two
species indicated that the murine clone did not contain
a translation start site. The single-pass sequence
AA172421 of another mouse clone, (IMAGE 554462)
available from databases, extends the 59 part of the
contig but does not extend the ORF. Unfortunately this
IMAGE clone is unavailable at present (incorrect num-
bering in two different libraries).

To extend the 59 part of the sequence and to confirm
the validity of the (IMAGE 554462) clone, oligonucleo-
tides were chosen based on the GenBank sequence
AA172421, and an RT-PCR experiment was performed
with mouse cDNAs (Clontech). The sequences of these
PCR products correct the AA172421 sequence, giving
an open reading frame of 292 amino acids. The 59
untranslated part of the mouse cDNA is only 68%
identical to the sequence of the human first exon of the
human cDNA. The alignment of the putative protein
encoded by this new contig with the human protein
confirms that the region of sequence similarity starts
at human residue 30 and extends to the end of the
human polypeptide with 80% identity and 86% simi-
larity (Fig. 2). The murine translation initiation site
corresponds to the third ATG of the human sequence.
Analysis of the murine sequence of the mouse protein

showed that three protein modification sites for glyco-
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205CHARACTERIZATION OF C21orf6
sylation, PKC phosphorylation, and N-myristoylation
were conserved (Fig. 2). The murine ortholog was
named orf5 according to the MGD Nomenclature Com-
mittee.

Gene Organization and Computer Promoter Analysis

PCR screening of the sequence-ready contig mapped
this transcriptional unit to the J12100 PAC clone (120
kb). Genomic Southern hybridization of EcoRI digests
of DNA from PAC clone J12100, from human lympho-
blasts, and from CHR21 of the human mouse somatic
hybrid WA17 indicated a single location (data not
shown). This PAC clone contains the two NotI linking
clones LB10T and LA329 (Ichikawa et al., 1993). The
whole sequence of the clone is available at http://
genome.imb-jena.de. Comparison of the sequences of

FIG. 1. Intron/exon organization and sequence of the human
MatInspector version 2.2 using the Transfac 3.3 matrices. The core-
the plus and the minus (2) strands are underlined. The nucleotides
ite LB10T maps to nucleotide position 2611 (sequence in boldf
olyadenylation signal and the start site for the mouse open reading
ize of introns, derived from the genomic sequence of clones E0479
etters in boldface type indicate the consensus 59 splice donor and 39 s

The sequences of the ORF2L/R oligonucleotides used for PCR expres
the cDNA and PAC clones made it possible to deter-
mine the exon/intron organization (Fig. 1). This gene is
located 545 bp downstream from the NotI site LB10T,
which lies within a putative promoter. Computer anal-
ysis of the region upstream from the transcription start
site predicts no canonical TATA or CAAT boxes, but
did identify two GC-rich elements: 70% G 1 C from

191 to 289 bp and 61% G 1 C from 2627 to 2451 bp.
e searched for potential cis-acting regulatory ele-
ents with Matinspector V2.2 (Quandt et al., 1995)

using the TransFac database (Wingender et al., 1997)
(Fig. 1). The transcriptional unit is organized into five
exons, and the gene spans 13.7 kb (Fig. 3). All intron/
exon boundaries are consistent with the consensus se-
quences for the donor and acceptor splice sites (Fig. 1).

In addition, PCR and Southern blotting showed that
the mouse cDNA maps to chromosome 16. We used

1orf6 gene. The putative promoter sequence was analyzed with
d the matrix-related regions of potential cis-regulatory elements on
numbered with respect to the first ATG codon. The NotI restriction
type). Broken arrow indicates the transciptional start site. The

ame are in boldface type. The intron ends are in lowercase with the
d J12100 (GenBank Accession No. AF129075), given the lowercase
e acceptor. An asterisk indicates the position of the TGA stop codon.
n analysis with mutiple tissue cDNA panels (MTC) are underlined.
C2
an

are
ace
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an
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DNA from a mouse–hamster somatic hybrid 9-6AZ2
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containing the mouse chromosomes 16 and Y (Hibino et
al., 1991) and oligonucleotides derived from the puta-
tive exon 3 (data not shown).

Tissue Expression: Northern Blots and RT-PCR

Human and mouse C21orf6 genes were found to be
widely expressed in various fetal and adult tissues, on
Northern blots probed with the human (IMAGE
925642) or mouse clone (IMAGE 401442). A ubiquitous
1.6- to 1.8-kb signal was detected in all tissues tested
(Fig. 4a) from fetal and adult human. A similar band
(1.6–1.8 kb) was observed with mouse RNA from var-
ious tissues from fetuses and adults. RT-PCR on hu-
man fetal and adult cDNAs from various tissues (MTC,
Clontech) was also performed with oligonucleotides
chosen to flank exon 3, which was found to be missing
from some of the EST sequences. The expected size of
PCR product was 421 bp. Two bands were amplified
ubiquitously, but with different relative intensities:
one of the expected size and another of 353 bp (Figs. 4c
and 4d) resulting from the alternative splicing of exon
3. RT-PCR was also performed using a mouse MTC
cDNA panel. RT-PCR with oligonucleotides corre-
sponding to putative murine exon 3 demonstrated the
presence of the cDNA in all tissues. The alternative
splicing is conserved in the mouse; two bands were
generated from brain cDNA with two oligonucleotides
175L and Aex3R flanking exon 2, which corresponds to
exon 3 in the human sequence (Fig. 4f). To confirm that
there is no murine equivalent to human exon 1, we
performed RT-PCR on testis cDNA and genomic DNA
with an oligonucleotide in the 59 untranslated part of

FIG. 2. Amino acid sequence comparison of the predicted huma
acid identity, and gray boxes indicate amino acid similarity. Boxes b
(PKC), N-glycosylation site (GLY), casein kinase II phosphorylation
aligned using CLUSTALW software.
n C21orf6 protein with its mouse ortholog. Black boxes indicate amino
elow the sequences indicate the protein kinase C phosphorylation site
site (CKII), and N-myristoylation site (MYR). The two sequences were
rf5 and another in the potential exon 2. The sizes of
FIG. 3. Mapping position of the human gene C21orf6 on chromo-
some 21. Left vertical line: the gene is oriented from telomere to
centromere proximal to the NotI linking clone LB10T (545 bp). As
regards exon/intron organization, the gene spans 13,373 kb, boxes
indicate the exons, and open boxes show the open reading frame. The
39 and 59 untranslated regions are shown as black boxes. Alternative
splicing between exons 2 and 4 is indicated. Arrows indicate the

direction of transcription of the known genes and of C21orf6.



o
w 2;
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the two PCR products differ (392 bp for the cDNA and
around 450 bp for the genomic DNA), suggesting that
these oligonucleotides amplify a fragment of genomic
DNA containing intron 1 (data not shown).

Expression Pattern of the Mouse orf5 Gene

We analyzed the spatial expression pattern of this
gene, by performing whole-mount in situ hybridization
with mouse embryos from 9.5 to 12.5 days postcoitum
(dpc). Hybridizations were performed with the anti-
sense and the sense riboprobes generated from the

FIG. 4. Expression pattern of the human C21orf6 and mouse or
marker sizes are indicated on the left in kilobases. (b) Northern blot
RT-PCR with an adult human multiple tissue (cDNA panel) PCR w
products obtained indicate alternative splicing of exon 3. The sizes o
RT-PCR with a human fetal tissue cDNA panel. (e) RT-PCR with a
ligonucleotides located in the putative exon 3; the PCR product is 1
as performed with brain cDNA and oligonucleotides flanking exon
mouse clone (IMAGE 401442). The gene was expressed
ubiquitously, but its intensity of expression depended
on the tissue (Fig. 5a). Strong signals were detected at
9.5 dpc in the somites, branchial arches, and verte-
brate anlages (Fig. 5a). At 10.5 dpc, high levels of
expression were observed in the branchial arches and
in the limb buds (Fig. 5b). In the brain at 12.5 dpc,
strong signals were observed in the telencephalon and
mesencephalon (Fig. 5c). The dorsal view of the brain
showed that the signal was stronger in the area located
between rhombomeric segments as if expression were
down-regulated in the rhombomeric segments (Fig.

(a) Northern blot with RNA from various human adult tissues. The
ontech) with RNA from mouse embryos at 7, 11, 15, and 17 days. (c)
performed with oligonucleotides located in exons 2 and 4. The PCR
e bands are 421 and 353 bp. The marker (M) is a 100-bp ladder. (d)
dult mouse multiple tissue cDNA panel. PCR was performed with

bp. (f) The alternative splicing is conserved in the mouse gene. PCR
the PCR products are 556 and 486 bp.
f5.
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5d). The whisker follicles (wf) and the extremities of
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the limb buds were strongly labeled at 12.5 dpc (Fig.
5e). The sagittal half-section of the 12.5-dpc embryo

FIG. 5. Expression of the mouse orf5 gene. Hybridizations were
and d, e, f) and sense riboprobes (right in a, b, and c). (a) E-9.5 dpc
b) E-10.5 dpc, lb, limb buds; ba, branchial arches. (c) E-12.5 dpc sa
d) E-12.5 dpc upper view of the brain; tel, telencephalon; ms, mes
etween the rhombomeric segments). (e) A 12.5-dpc embryo outer view
f the embryo shown in (e): die, diencephalon; me, metencephalon; m
b, limb bud; tb, tail bud.
provided an internal view of the embryo (Fig. 5f). Sig-
nals were detected in the liver, ribs, limb, and tail
buds.

formed with whole-mount embryos and the antisense (a, b, c (left)
gittal view; ms, mesencephalon; va, vertebrate anlages; so, somites.
tal view of the brain and part of the spinal cord; tel, telencephalon.
encephalon; rhs, rhombomeric segments (strong expression is seen
f, whisker follicles; lb, limb buds. (f) Inner view after sagittal section

myelencephalon; ba, branchial arches; r, ribs; li, liver; ve, vertebrae;
per
, sa
git
ens

. w
y,
Tissue section hybridization was performed with 35S-
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209CHARACTERIZATION OF C21orf6
labeled riboprobes generated from the same clone.
These hybridizations also gave a weak ubiquitous sig-
nal but with strong expression signals restricted to
certain areas: the brain, the neopallial cortex, the ger-
minative zone, and the striatum (Figs. 6a and 6b); the
cephalic region, the tongue, the mandibula, and the
submandibullar gland were strongly labeled. Strong
expression was also detected in the lung, heart, dia-
phragm, liver, and ribs. Lower levels of expression
were detected in dorsal muscle and in bones. The
strong signals observed for whisker follicles, limb, and
tail buds by whole-mount hybridization were also ob-
served in tissue section hybridization.

DISCUSSION

We characterized a new gene, C21orf6, located in the
monosomy 21 chromosomal region 1 and its mouse
ortholog. This gene is located in the J12100 PAC clone
proximal to the linking clone LB10T. BLAST searches
of databases revealed no significant similarity with
known genes. The product of this gene may be a cyto-
plasmic (PSPORT) or secreted protein (SOSUI). Of the
five protein motifs identified by database screening,
four are conserved in the murine protein: three phos-
phorylation sites and a myristoylation site. Exon 3 in
humans, which corresponds to the putative exon 2 in
the mouse, undergoes alternative splicing, giving rise
in both species to two isoforms that may differ in func-
tion. Although C21orf6 by Northern blot and RT-PCR
was found to be ubiquitously expressed in mouse em-
bryos, whole-mount and tissue section hybridizations

FIG. 6. Tissue section hybridization of the mouse orf5 gene. Sag
ybridized with the antisense riboprobe. Control hybridization of a
iboprobe (a). (b) s, striatum; t, tongue; m, mandibula; li, liver; lb, lim

gland; wf, whisker follicle; st, sternum; di, diaphragm; dm, dorsal m
showed that strong signals were restricted to specific
regions, particularly the branchial arches, some brain
tissues, somites, and limb buds. High-level expression
was observed in the regions that give rise during de-
veloppment to structures involved in the pathologic
phenotype. The branchial arches are very much in-
volved in the formation of the head and neck. The
phenotype putatively associated with the deletion of
the critical region includes several facial anomalies:
low hair line, hypertelorism, large nose, large ears,
arched palate, and short neck (Chettouh et al., 1995).
n the central nervous system, strong expression was
etected in the telencephalon, the mesencephalon, and
he interrhombomeric regions. Expression seemed to
e down-regulated in rhombomeres. Mental retarda-
ion is associated with MC21CR-1. The dynamic ex-
ression of this gene in the developing limb buds sug-
ests that this gene is involved in distal limb
evelopment. Interestingly, it has been reported that
rthrogryposis-like symptoms may result from neuro-
enic, myogenic, and connective tissue disorders (Gor-
on, 1998). These observations suggest possible roles
or C21orf6 in the pathogenesis.

Three other genes have been mapped in this region:
riK1, a kainate subtype of ionotropic glutamate re-

eptor (Gregor et al., 1994), may provide a protective
echanism against hyperexcitability (Cossart et al.,

998). The theta subunit of a chaperonin complex
CCTu) (Nomura et al., 1994) was located near the

linking clone LA329 (Fig. 3) (Yamazaki et al., 1995).
This cytosolic chaperonin is involved in the folding of
tubulin (Frydman et al., 1992) and actin (Gao et al.,
1992) and in neurogenesis (Roobol et al., 1995).

l sections of an E-13.5 dpc (b) and an E-14.5 to E-15 dpc (c) embryo
ittal section of an E-13.5 dpc embryo with the corresponding sense
d. (c) nc, neopallial cortex; gz, germinative zone; sg, submandibullar
le; r, rib; h, heart; lu, lung; li, liver; tb, tail bud; lb, limb bud.
itta
sag
b bu
The third gene, Bach1, is a transcriptional regulator
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210 ORTI ET AL.
gene expressed ubiquitously (Blouin et al., 1998; Ohira
t al., 1998). This gene is described as being involved in
ematopoiesis (Igarashi et al., 1998).
To evaluate the involvement of these genes in the

monosomy 21 phenotype, further functional studies
including immunochemistry and the construction of
knockout models are required.
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