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The DNA sequence of human chromosome 21 (HSA21)' has
opened the route for a systematic molecular characterization of
all of its genes. Trisomy 21 is associated with Down’s syndrome,
the most common genetic cause of mental retardation in humans.
The phenotype includes various organ dysmorphies, stereotypic
craniofacial anomalies and brain malformations®>. Molecular
analysis of congenital aneuploidies poses a particular challenge
because the aneuploid region contains many protein-coding
genes whose function is unknown. One essential step towards
understanding their function is to analyse mRNA expression
patterns at key stages of organism development. Seminal works
in flies, frogs and mice showed that genes whose expression is
restricted spatially and/or temporally are often linked with
specific ontogenic processes. Here we describe expression profiles
of mouse orthologues to HSA21 genes by a combination of large-
scale mRNA in situ hybridization at critical stages of embryonic
and brain development and in silico (computed) mining of
expressed sequence tags. This chromosome-scale expression
annotation associates many of the genes tested with a potential
biological role and suggests candidates for the pathogenesis of
Down’s syndrome.

The current HSA21 gene catalogue' (http://chr21.mol-
gen.mpg.de) contains 238 entries for which we have identified 168
cognate mouse orthologues (see Methods in the Supplementary
Information). We isolated 187 mouse cDNA clones matching 158
unique genes (referred to as mmu21 genes; see Supplementary Table
1) whose orthology was confirmed on the basis of the known
synteny between HSA21 and segments of mouse chromosomes
MMU16, MMU10 and MMU17 (http://www.informatics.jax.org/)
(see Supplementary Information; this database is also available at
http://chr21.molgen.mpg.de/hsa21/).

To identify potential candidates with a role in patterning and
organ development, we have explored the expression of the 158
mmu2l genes by systematic whole-mount in situ hybridization’
(WISH) at mid-gestation (embryonic day 9.5; E9.5), a stage cover-
ing a wide range of embryonic processes. We also analysed a subset
of clones at two other stages (Supplementary Table 1). We found 111
of 158 genes expressed at E9.5; 78 genes showed widespread
expression and 33 genes a restricted pattern (49% and 21%,
respectively, of the genes examined at E9.5). In addition, 12 wide-
spread genes also defined particular embryonic structures (for
example, Prkcbp2; Supplementary Table 1). Among the mmu21
genes conserved in Saccharomyces cerevisiae (Y), Caenorhabditis
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elegans (C) and Drosophila melanogaster (D) (CDY in Supplementary
Table 1), 60% were widely expressed and 17% showed a restricted
pattern. In contrast, 43% of the genes conserved only in multi-
cellular organisms (CD) were widespread and 30% were patterned.
The functional classification of the 45 pattern genes shows a bias for
cell—cell communication and signal transduction molecules. Only six
of the mmu21 genes were previously analysed by whole mounts*”,
including Efs2, a gene that causes skeletal defects in transgenic
mice'’. Our analysis at E9.5 identified a number of interesting
patterns (Fig. 1). Kiaa0184 is a new gene with a striking expression
profile in the central and peripheral nervous systems, marking
subsets of cells in the midbrain and hindbrain, basal plate margin
cells of the spinal cord, and cranial as well as dorsal root ganglia.
Samsnl, containing SH3 and SAM domains, was found associated
with blood vessel formation. In addition, we uncovered new
potential roles for previously characterized genes. Tsga2, a com-
ponent of junctional membrane complexes reported to be testis-
specific', is restricted to rhombomeres at E9.5 and might take part
in early events of hindbrain patterning. Informative patterns might
be associated with organ-specific traits possibly found in Down’s
syndrome, although their function remains to be demonstrated.
Igsf5 and Tff3 are candidates for male sterility. Igsf5 is present in the
mesonephros required for seminiferous tubule formation. Tff3, a
secretory protein promoting cell migration in intestinal epi-
thelium'>", was detected in a small group of cells possibly repre-
senting primordial germ cells. Sh3bgr is strikingly expressed in
heart, correlating with the specific cardiac defects in Down’s
syndrome. Genes (such as Slc19al, Clic6 and Lss) expressed in the
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Figure 1 Examples of expression patterns of mmu21 genes in whole-mount £9.5 mouse
embryos. Gene symbols of human orthologues are used; for details see Supplementary
Table 1.
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branchial apparatus might have a role in the stereotypic facial
abnormalities. Adamts5, a disintegrin metalloprotease, is specifi-
cally expressed in the maxillary process of the branchial apparatus,
and transiently (E8.75-9.5) in the ventral midbrain, making it a
candidate for facial abnormalities and mental retardation in Down’s
syndrome. Of the 28 genes expressed in the brain and/or head
mesenchyme at E9.5, 20 show a regionalized expression in the
maturing brain at postnatal day 2 (P2) (Supplementary Table 1);
examples are Clic6 and Tsga2, which are restricted to the choroid
plexus (Fig. 2).

We have investigated the expression of mmu21 genes in neonatal
brain, the most important organ affected in Down’s syndrome. At
P2, the maturation of brain structures involves critical events,
including a major shift from neurogenesis to gliogenesis and the
elaboration of cytoarchitecture and connectivity. Under our exper-
imental conditions and scoring criteria, 60% of the mmu21 genes
were found expressed by in situ hybridization (ISH) in the P2 mouse
brain (Supplementary Table 1). Of the clones expressed in brain,
42% gave widespread signals, half of these also displaying regionally
enhanced expression (for example, Pfkl; Supplementary Table 1);
58% of the expressed clones defined only patterns in discrete
brain territories, as illustrated in Fig. 2. Figure 3 summarizes the
distribution of the mmu21 transcriptome in 11 mouse brain
regions.

Overall, there was a prominent expression of mmu21 genes in
post-mitotic cells (Fig. 2), whereas only 19 genes were found
expressed in the mitotically active ventricular/subventricular
zones (Supplementary Table 1). The largest fraction of the
mmu2] transcripts expressed at P2 was detected in three major
laminar structures of the brain: neocortex (41%), hippocampus
(25%) and cerebellum (25%). These structures develop through
partly common mechanisms'*'"® and share the expression of a

A NS

c coLeaz d ﬁ
— —_— tx
4 Lo
= \ N

L
\\ e

- < KCNE1

f
PCP4 m.ﬁtx C210RF1

CLIC1L

Figure 2 Expression pattern of selected genes on postnatal brain sections by RNA in situ
hybridization. All sections are from P2 brains and are sagittal, except e, which is
horizontal. Specific expression is denoted in blue—purple. Anterior is to the left and dorsal
side is up. Hip, hippocampus; Ctx, cortex; Tct, tectum; Cb, cerebellum; Ob, olfactory bulb;
Chp, choroid plexus; M, meninges; VZ/SVZ, ventricular zone/subventricular zones. Scale
bar in h represents 200 um in a—e, g, h and 70 um in f. Gene symbols of human
orthologues are used.
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significant number of genes (Fig. 3). We observed a bias towards
neocortical expression, although it remains unclear whether such
predominance is also found for the genes encoded by other
chromosomes'®". Transcripts prominently expressed in this struc-
ture represent a pool of candidates for the cognitive defects of
Down’s syndrome. Dscam, Synjl and Tiaml have already been
described as being involved in synaptic function, axonal guidance,
cell migration and neurite outgrowth'®*. The hippocampus is
necessary for the integrity of memory, and impaired spatial memory
in Down’s syndrome*' might be associated with some of the
hippocampal genes, such as the semaphorin-like oncogene Pttglip
(ref. 22). A plot of the brain expression domains along the
chromosome (Fig. 3a) did not show evidence for the existence of
local expression clusters. We found four genes expressed in the
meninges (Wrb, Coll8al, Col6al and Col6a2), a tissue enveloping
the central nervous system. The three collagen genes are physically
close on 21q22.3 and might represent a functionally regulated gene
cluster. Because many of the mmu21 genes are expressed in the
dorsal brain at P2, our data would be compatible with the hypoth-
esis that cumulative gene dosage effects might underlie brain
malfunction in trisomy 21 (refs 23-25).

We obtained a wider overview of mmu2l gene expression by
extracting in silico expression data from sequenced mouse cDNA
libraries representing a large range of tissues and developmental
stages. Screening of 632 libraries from non-cancerous tissues total-
ling 2,253,129 mouse expressed sequence tags (ESTs) identified

HSA21 gENES mvm s sms ame s o suns Ve

5,454 ESTs (on average 34 EST hits per mmu21 gene) displayed in
Supplementary Table 1 (see Methods in the Supplementary Infor-
mation), allowing a detailed analysis of mmu21 gene expression.
Although EST mining shows limitations for measuring differential
gene expression levels®°, we can exploit EST counts to reveal
patterns of genes with correlated expression profiles by using a
correlation-based clustering method®. Figure 4 shows the
expression profiles for the mmu21 genes, many of which are weakly
or moderately expressed in more than one tissue. Interestingly, 19
genes seemed prominently expressed in single tissues (red boxes in
Fig. 4), suggesting that they might have a crucial role in a tissue-
specific mechanism (for example, Tff (refs 12, 13)). Gene clusters
identified here provide information on possible roles of these
genes in common biological mechanisms. For instance, five
genes (Runxl, Aire, Ifngr2, Itgb2 and Ubash3a) from cluster no. 8
showing thymus-specific expression are linked to immunity or
haematopoiesis.

We sought to compare ISH data with expression profiles gener-
ated by other approaches. Genes that were scored as not expressed
(or not interpretable) on brain sections were tested by polymerase
chain reaction with reverse transcription (RT-PCR) on whole P2
brain. As expected, RT-PCR was more sensitive: almost 50% of
these ISH-negative genes were found expressed in whole P2 brain by
this method (Supplementary Table 1). It is likely that most of those
are either expressed ubiquitously at very low levels or are present
within a few cells that were absent from the tested sections, which
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Figure 3 Expression of mmu21 genes in P2 mouse brain. a, Chromosomal distribution of
the HSA21 genes (top row, black), of their mouse orthologues (second row, red) and of the
expression domains of mmu21 genes in different brain regions. The reference scale is
that of HSA21 genomic sequence; horizontal bars represent the mouse syntenic
chromosomal segments (MMU16, MMU17 and MMU10). Cen, centromere; Tel, telomere;
VZ/SVZ, ventricular/subventricular zones. b, Diagram summarizing the expression of
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mmu21 genes in different regions of the P2 mouse brain determined by ISH as reported in
a. The brain is shown as a sagittal section divided into its major developmental and
functional domains. Percentages in each domain refer to the proportion of clones showing
expression in each area out of the expressed clones. The ventricular zone is shown by
black dashed line. Cb, cerebellum; Hip, hippocampus.
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cannot cover the whole brain even though median sagittal sections
span a maximum of structures. ISH and RT-PCR are complemen-
tary, because ISH aims at identifying patterned genes that are often
highly expressed in a given territory, whereas RT-PCR lacks
topographical resolution. In addition, the efficiency of riboprobes
depends in part on their sequence composition or on the occurrence
of splice variants that might show differential expression. It was
difficult to correlate our expression map of the P2 brain with the
EST information, owing to the heterogeneity in size, tissue region
and developmental stages of the original material for the different
brain EST libraries analysed. Of the genes found expressed by
section ISH, 60% did identify brain ESTs (interrogating 251,426
brain ESTs pooled for all brain regions and ages ranging from
neonatal to adult, excluding embryo; see Supplementary Infor-
mation); 65% of the ISH /PCR* genes hit brain ESTs, which
originated from stages older than P2 with a few exceptions, for
example Ifnrg2 and CryzII at neonatal stage. Of the genes scoring
ISH /PCR™ at P2, 37% hit brain ESTs originating mostly from
adult stages, except Cbs, which is present in the neonatal cortex.
Finally, 16 genes are not, or are very weakly, expressed in neonatal
brain because they scored negative by all three methods (Cldns,
Kcnel, Runxl, Sim2, Wdr9, C2lorfll, Mx2, Mx1, C2lorf25, Tff3,
Tff2, Ubash3a, Wdr4, Kiaa0958, Ftcd and Hsf2bp).

As expected, the correlation between data from WISH and EST

Genes
ABC D E F G H
2 | Cluster 1: Cluster 3: Cluster 4:
= | JAM2 KCNE2 ATP5A STCH
® | ADARB1 mg | csTB KCNJ15 -
2 | PCBP3 SON N & | CRYAA » | IGSF5 g
% | PFKL 2% |[PRKCBP2 2| KCNE1 =
S | KIAA0179 S & | PKNOX1 Z| PTTG1IP o}
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Figure 4 EST analysis. Matrix displaying the expression profiles of 159 mmu21 genes

(rows) within 190 cDNA libraries (columns). Dendrograms used to reorder libraries (top)
and genes (left) are shown, together with eight significant gene clusters (solid bars,

left and right of the matrix together with correlation coefficients). The cluster composition
is shown with corresponding libraries (A-l and indicated by white arrows at the bottom of
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mining was very good because both techniques are able to detect
transcripts in most or all embryonic tissues (620,471 ESTs ranging
from stage 2 cells to E19.5). This correlation was quantified
statistically with Fisher’s exact test to refute the hypothesis of
statistical independence of the two techniques. For each gene we
denoted whether it had positive or negative expression in both
methods. Out of 158 genes tested, 123 showed an agreement either
with expression (100) or lack of expression (23) in both techniques,
whereas in 35 cases we found a disagreement (P = 2.0496 X 1077).
Of the 47 genes not detected at E9.5 by WISH, 23 are unlikely to be
expressed at early stages of development because they do not hit any
embryonic EST either. One-quarter are found only expressed in
libraries originating from later stages, starting from E12.5-E14.5.
Ten genes hit ESTs encompassing stage E9.5 ( Timprss2, Slc37al, Cbs,
Tmeml1, Dnmt3l, C21orfl9, Ifnar2, Cldn8, Uspl6 and Usp25) but
were not detected, possibly because of very low expression levels in
E9.5 embryos. Overall, most of the transcripts detected at E9.5 by
WISH did hit ESTs and also showed sustained expression until
stages E14.5-E15.5 or later. Nevertheless, embryonic EST libraries
are often derived from the whole fetus and therefore lack organ
information. Where information is available, EST mining is corre-
lated with the WISH results (for example, Sh3bgr in heart, or
Kiaa0184 and Pcbp3 in brain).

We observed local clusters of gene expression in several chromo-

Libraries
(tissues)

Genes prominently expressed in
single tissues

1 OLIGO1: diencephalon (16 days after birth)

2 TFF3: colon (8 wk), bowel (8 wk)

3 DNMT3L: macrophage (wehi-3 cell line)

4 TFF1: stomach (adult)

5 PRED29: whole skin, skin (11 wk)

l Cluster 1 6 PCBP3: retina, eye
(0.498) 7 APP: salivary gland, kidney
M Cluster 2 8 ATP5A: embryo (E13.5-14.5)
(0.443) 9 CSTB: embryo (E13.5-14.5),
pre-implantation blastocyst
10 SOD1: total fetus (E19.5)
g'j%t;r 3 11 ATP50: total fetus (E12.5-14.5)
) 12 TTC3: pancreas (E14.5)
Cluster 4 13 PTTG1IP: kidney (adult)
5 gs2e 14 CCT8: kidney (adult)
(0.539) 15 FTCD: liver
] Cluster 6 16 COL18AI: liver
(0.558) 17 ZNF295: liver (adult)
Cluster 7 18 MX1: spleen (4 wk)
(0.457) 19 C21orf45: thymus (4 wk)
Cluster 8
(0.612) - |
| 0 5 10 >15
Cluster 5: Cluster 6: Cluster 7: Cluster 8:
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the matrix). Coloured dots represent the number of ESTs found in a given library for
each gene (see scale). Numbers in red refer to genes prominently expressed in single
tissues, listed at the right. Interactive figure and details are given in the Supplementary
Information. Gene symbols of human orthologues are used.
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somal regions. Significance was judged by computing upper-tail P
values (<<0.01 in all cases) for observed numbers of expressed genes
in groups of neighbouring genes of given sizes in accordance with a
hypergeometric distribution. WISH data suggest co-expression
from Pdxk to Mcm3ap in head mesenchyme and extra-embryonic
component, and from Tmprss2 to Abcgl in the nose. EST mining
data give evidence for a significant group from H2bfs to Pfkl co-
expressed in haematopoietic tissues, kidney, liver and mammary
gland. In addition, a large silenced region from Kcne2 to Cryaa was
identified in brain, ovary, retina and testis.

Our analysis of the pattern of gene expression for HSA21 is based
on complementary techniques, combining the thorough coverage
of developmental stages by EST mining with the high anatomical
resolution of WISH and brain ISH. We have identified new
expression patterns for a large number of genes, including many
with highly localized expression, and generated information on the
possible functions for a large fraction of the HSA21 genes. This
study provides tools and insights for the further analysis of devel-
opmental processes and identifies a pool of gene candidates for
phenotypes specific to Down’s syndrome and other pathologies
linked to HSA21. U
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