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We present transcriptome analyses of primary cultures of human fetal cells from pregnancies affected with
trisomy 21 (t21) and trisomy 13 (t13). Pooled mRNA samples from t21 and t13 cases were used for
comparative hybridizations to cDNA arrays with pooled mRNA from normal cells. When the array cDNAs were
grouped by chromosomal location the relevant trisomic chromosome could be clearly identified as showing
the most significant misregulation. The average level of transcription on the trisomic chromosome was
increased only �1.1-fold compared to normal cells on array analysis. Since the karyotype could be accurately
predicted by the transcriptome this could provide a novel method of detecting aneusomy of unknown
position. Subsequent analysis of individuals cases demonstrated that variation in transcriptional profiles
between samples within each class made transcriptional karyotyping difficult without pooling or the use of
arrays with a higher proportion of all human cDNAs. Interestingly, consistent differences in the relative
expression levels between chromosomes were detected suggesting that genomic control mechanisms may
act over larger distances than previously thought. Most (>95%) >� 2 SD misregulated genes did not map to
the trisomic chromosome and significant misregulation was more common in t13 than t21. These data
support a model of a subtle primary upregulation of genes on the trisomic chromosome resulting in a
secondary, generalized and more extreme transcriptional misregulation. It seems likely that the degree of this
misregulation determines the severity of the phenotype in most aneuploidy.

INTRODUCTION

Human autosomal trisomies are common causes of early
pregnancy loss, neonatal death and multiple congenital
anomalies (1,2). In postnatal life only trisomies of chromo-
somes 21, 18 or 13 are consistently detected with livebirth
incidences of 1.23, 0.15 and 0.046 per 1000, respectively (3).
Each produces a distinct clinical syndrome recognizable at or
before birth. However, each trisomy shows considerable
variability in the severity and pattern of associated malforma-
tions, which cannot be accurately predicted by the karyotype.
The primary genetic defect in affected embryos is assumed to
be a 1.5-fold increase in the dosage of genes on the trisomic
chromosome (4), which alters signalling pathways to produce a
specific and malign effect on development. Transcription
factors on the trisomic chromosome will produce a secondary
genome-wide transcriptional misregulation, which involves
downregulation in addition to upregulation. These indirect
effects are widely used in antenatal screening programs for
trisomy 21 and trisomy 18, which detect abnormal levels of

fetal proteins in maternal serum. Alphafetoprotein (AFP) is
reduced in both t21 (5) and t18 (6) while human chorionic
gonadotrophin (hCG) is elevated in t21 (7) and reduced in
t18 (6). The genes encoding AFP and hCG map to 4q11–13
and 19q13, respectively.

The aim of the present study was to identify the pattern and
extent of transcriptional misregulation in human autosomal
trisomy and to determine if such information may improve our
understanding of trisomy-associated pathology and inform the
choice of proteins for maternal serum screening.

RESULTS

Microarray analysis of pooled samples

Table 1 summarizes the basic data on the hybridisation
experiments and Table 2 lists the ‘top ten’ up- and down-
regulated genes in both trisomies. The full results are available
electronically (http://www.hgu.mrc.ac.uk/Research/Cellgen/).
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The mean and standard deviation (SD) of the ratios from the
t21 versus Normal and t13 versus Normal comparative
hybridizations was 1.01 and 0.19 and 1.16 and 0.26,
respectively. The number of cDNAs showing >1 SD and
>2 SD change in expression are summarized in Table 1. There
were significantly more up- and down-regulated genes in t13
cells compared to t21 (P< 0.0001) both using 2 SD and 1 SD.
If 1 SD change is considered then almost one third (31.4%) of
all scorable genes are misregulated in t13 compared to just over
a fifth (20.8%) for t21 (Table 1). Almost all the significantly
upregulated genes differed between the two trisomies. Only six
genes were >2 SD upregulated in both T21 and T13; PDGFRL
(platelet-derived growth factor receptor-like), GFPT2
(glutamine-fructose-6-phosphate transaminase 2), MBD3
(methyl-CpG binding domain protein 3), TIMP3 (tissue
inhibitor of metalloproteinase 3), NPPB (natriuretic peptide
precursor B) and SAA4 (serum amyloid A4). Significantly
downregulated genes were more commonly shared and these
fell into the following main groups: 1) Signal transduction;
OXTR (oxytocin receptor), CTGF (connective tissue growth
factor), TGFB2 (transforming growth factor, beta 2), IGFBP4,
IGFBP5 (insulin-like growth factor binding protein 4 and 5),
EDN1 (endothelin 1), RGS5 (regulator of G-protein signalling
5); 2) Extracellular matrix; FBN1 (fibrillin 1), COL4A1
(collagen, type IV, alpha 1), THBS1, THBS2 (thrombospondin
1 and 2); 3) Cell junctions and adhesion; CLDN1 (claudin 1),
DSP (desmoplakin); 4) Apoptosis; CASP3 (caspase 3 and 5).
Unknown function; BRAP (BRCA1 associated protein), DLC1
(deleted in liver cancer 1).

Transcriptosome analysis

Analysis of the fluorescent ratios for all cDNA on the array
averaged by chromosome of origin (‘transcriptosome’) for the
pooled mRNA experiments is shown in Figure 1. The relevant
trisomic transcriptosome could be easily distinguished. In t21
chromosome 21 showed the largest increase and was the only one
to differ significantly from the mean for all other chromosomes.
In t13 there was much more variability in the transcriptosome
ratios with several chromosomes showing significant misregula-
tion, however, chromosome 13 showed the largest upregulation
and was the only transcriptosome where the standard error did
not overlap with any other chromosome. The mean levels of
up-regulations on normalized ratios were 1.12 (95% CI: 1.08,
1.16) for t21 and 1.07 (95% CI: 1.03, 1.11) for t13.

Analysis of individual samples

Quantitative RT–PCR analysis of the individual cDNA samples
was used both to confirm microarray ratios and to gain an
indication of the variability within pooled samples. IGFBP3,
IGFBP5 and RGS5 were chosen as they were among the top ten
up- (IGFBP3) or down- (IGFBP5 and RGS5) regulated genes in
one or both trisomies. GAPD was used as a control and the
results are presented in Table 3. The RT–PCR results are
generally consistent with the misregulation detected by micro-
array analysis of pooled samples. Two of the genes (RGS5 and
IGFBP5), however, show very significant variability within the
pools and overlap with normal samples. IGFBP3 shows
consistent upregulation in t21 cells and t13 (microarray
ratio¼ 1.4) and no overlap with the normal samples.

The analysis was extended by hybridizing seven individual
mRNA samples to separate arrays of 3280 different cDNA
probes. Six of these mRNA samples had also been used in the
pooling experiment. The seventh sample was amniocyte
mRNA from a case of trisomy 18 (t18). The number of genes
on the Human GEN1 array mapping to chromosomes 13, 18
and 21 were 64, 60 and 47, respectively. The transcriptosome
results are summarized in Figure 2. In all trisomic individuals
the trisomic chromosomes showed higher relative expression
levels than the two controls. However these differences were
not significant since the variability between individuals within
each class was as great as the variability between classes. In
spite of this, a remarkably stable pattern of relative expression
levels between chromosomes was observed across all experi-
ments with an average correlation coefficient of 0.88 (range
0.75–0.93) for all comparisons (Fig. 3). For example
chromosomes 7 and 10 had consistently higher ratios than
chromosome 9 in all hybridizations (Fig. 2).

DISCUSSION

Studies of gene expression based on RNA extracted from cell
lines must be interpreted with care as spurious ratios may result
from minor variations in the culture conditions. We tried to
minimize these effects by using commercial media optimized
for amniocyte culture, extracting RNA from quiescent cells and
by pooling RNA within the diagnostic categories. Our
subsequent analyses of individual samples demonstrated both
the strength and weakness of this pooling strategy. The
RT–PCR analysis of individual samples confirmed the average

Table 1. Summary of comparative hybridization results

t21 versus Normal t13 versus Normal

All genes Chr21 genes All genes Chr13 genes

cDNA spots giving detectable signal 8020 (87.6%) 79 (92.9) 8663 (94.9%) 113 (94.6)
cDNA spots >2 SD Up-Regulated 187 (2.3%) 10 311 (3.6%) 5
cDNA spots >1 SD Up-Regulated 965 (12.0%) 27 1350 (15.6%) 27
cDNA spots >1 SD Down-Regulated 697 (8.7%) 2 1368 (15.8%) 9
cDNA spots >2 SD Down-Regulated 85 (1.1%) 0 210 (2.4%) 1

Two hybridizations were performed to the InCyte UniGene 1 human cDNA microarray; t21 versus Normal and t13 versus Normal. 600 ng of each
mRNA pool was labelled using either Cy3 (t13 and t21) or Cy5 (Norm). >250 and >150 differences are presented. >250 in the balanced Cy3 : Cy5
ratio is considered to represent true differential expression (InCyte Genomics). Hybridization signal was defined as >2.5-fold higher than
background fluorescence and covered >40% of the spot area.
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misregulation found in the microarray analysis of pools and in
one case (IGFBP3) has shown that the upregulation is
consistent in and specific to trisomic samples. Following this
finding a literature search revealed that IGFBP3 has been
investigated as a maternal serum marker (8) and implicated in
postnatal growth failure (9) in Down syndrome. The results
from IGFBP5 and RGS5, however, show extremely variable
transcriptional activity and overlap between trisomic and
normal samples. These may therefore be simple cultural
artefacts. In this regard it was, however, encouraging that a
relatively small proportion of genes showed substantial
misregulation and that these mostly differed between the t21
versus Normal and t13 versus Normal experiments.

cDNA microarrays have been extensively used for massive
parallel analysis of gene expression. The human genome
sequence has allowed us to determine the map position of
almost all cDNAs analysed. Linkage of these two sets of
information led to the most interesting and unexpected finding
in this study. The trisomic chromosome could be easily
distinguished on statistical examination of the expression ratios
of all cDNAs when grouped by their chromosomal origin. This
was surprising because the vast majority of the >2 SD
misregulated genes did not map to the trisomic chromosome.

We have used the term ‘transcriptosomes’ to describe
the transcriptional behaviour of genes on homologous
chromosomes. The transcriptosome analysis is particularly
important as it provides the most convincing evidence that the
array results, at least partially, represent trisomy-associated
misregulation rather than a secondary effect of cell culture
condition, growth rate or survival. Demonstration of this effect
in whole chromosome trisomy suggests that it may be possible
to detect segmental aneuploidy of unknown position by
regional analysis of transcriptosomes. Transcriptional karyo-
typing would have an advantage over microarray analysis of
genomic DNA (10) in detecting abnormal regional chromatin
effects in addition to deletions and duplications. This approach
could be tested by using RNA from known cases of segmental
aneuploidy and measuring the average regional misregulation
in a window of varying numbers of genes that are moved across
an ordered list of genes on each chromosome. The size of the
window required to detect segmental misregulation would give
the resolution of the test. Our results from individual
microarray and RT–PCR analyses suggest that case-to-case
variability in expression profiles may be the main limitation to
this technique. The use of pooled controls and very dense
cDNA arrays may help to reduce this confounding effect.

Table 2. Ten most up- and down-regulated genes in trisomy 21 and trisomy 13 cells

Up-regulated cDNAs

Trisomy 21 Trisomy 13

t21:Norm GeneName Locus t13:Norm GeneName Locus

3.47 Diubiquitin 6p21.3 10.14 Natriuretic peptide precursor B 1p36.2
3.47 X-ray repair complementing defective

repair in Chinese hamster cells 4
5q13–q14 3.86 Interleukin 1, beta 2q14

3.39 Matrix metalloproteinase 7
(matrilysin, uterine)

11q21–q22 3.65 Tissue inhibitor of metalloproteinase 3** 22q12.3

3.31 Insulin-like growth factor binding protein 3 7p13–p12 3.09 Interleukin 1, alpha 2q14
2.99 Osteoblast specific factor 2 (fasciclin I-like)* 13 2.66 Osteoblast specific factor 2 (fasciclin I-like)* 13
2.85 Granzyme K (serine protease, granzyme 3;

tryptase II)
5q11–q12 2.59 Superoxide dismutase 2, mitochondrial 6q25.3

2.78 Fibroblast activation protein, alpha 2q23 2.55 Short-chain dehydrogenase/reductase 1 1p36.1
2.54 Matrix metalloproteinase 1 (interstitial

collagenase)
11q22.3 2.43 Cerebellar degeneration-related

protein (34kD)
Xq27.1–q27.2

2.39 Tissue inhibitor of metalloproteinase 3** 22q12.3 2.41 HCGII-7 protein ?
2.36 Serum amyloid A1 11p15.1 2.38 Collagen, type X, alpha 1 6q21–q22

Down-regulated cDNAs

Trisomy 21 Trisomy 13

t21:Norm GeneName Locus t13:Norm GeneName Locus

0.08 Insulin-like growth factor binding protein 5 2q33–q36 0.18 Regulator of G-protein signalling 5*** 1q23
0.12 Regulator of G-protein signalling 5*** 1q23 0.24 Fibrillin 1 (Marfan syndrome) 15q21.1
0.29 Proteoglycan 1, secretory granule 10q22.1 0.35 Fibronectin 1 2q34
0.32 Disabled (Drosophila) homolog 2

(mitogen-responsive phosphoprotein)
5p13 0.41 Thrombospondin 2 6q27

0.34 Insulin-like growth factor-binding protein 4 17q12–q21.1 0.43 Collagen, type IV, alpha 1 13q34
0.35 Collagen, type VIII, alpha 1 3q12–q13.1 0.43 Phosphoserine aminotransferase 9
0.36 Tetraspan 2 1 0.44 Chondroitin sulfate proteoglycan 2

(versican)
5q14.3

0.37 Downregulated in ovarian cancer 1 3 0.44 Protein kinase, cAMP-dependent,
catalytic, beta

1p36.1

0.38 Caspase 3, apoptosis-related cysteine protease 4q34 0.45 H. sapiens DNA for cyp related pseudogene ?
0.39 Upregulated by 1,25-dihydroxyvitamin D-3 1 0.45 Collagen, type I, alpha 1 7q21.3–q22.1

The ten most up- and down-regulated genes in each category is presented. Genes mapping to the relevant trisomic chromosome are highlighted. Genes that appear
in both lists are asterisked.
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Although the average misregulation of genes on the trisomic
chromosome could be clearly distinguished, the overall level of
change was surprisingly low. This may simply reflect a
limitation of the microarray assay in under-reporting the degree
of misregulation. However, it could reflect important dosage
compensation mechanisms acting in trisomic cells that lead to a
deviation from the expected 1.5-fold change in transcription.
Such mechanisms are likely to be mediated via cis-acting non-
coding elements that may themselves be good candidates in the
study of phenotypic variation in human trisomies. It is
interesting that the trisomy 13 pattern was more chaotic than
trisomy 21 and this difference was due to a larger number of
both upregulated and downregulated genes in t13 compared to
t21. This may be a non-specific effect of the culture of ‘sicker’
cells, however, there appears to be a roughly linear relationship
between the degree of misregulation and the number of
trisomic genes (�260 for Chr-21; �460 for Chr-13). It is
interesting that t13 is equivalent to a duplication of �4% of the
haploid genome which is approaching the 4.3% level of
tolerance observed for segmental duplication of the human

genome (11). Thus the lethality associated with larger
aneuploid regions may be the direct result of exponentially
increasing transcriptional chaos.

A consistent pattern of relative expression levels between
chromosomes was observed in the course of analysing the,
otherwise disappointing, microarray experiments of
individual RNA samples (Figs. 2 and 3). It is not known
whether this effect is specific to amniocytes or if patterns
will change between tissues. Meta-analysis of SAGE data
from various human tissues identified genomic clusters of
highly expressed genes (12). It has also been shown that
genes, which are transcriptionally active in muscle, cluster on
C. elegans chromosomes. These data imply that there is
regional variation in transcription levels across the genome
which may be the result of physical clustering of genes of
similar function and expression profile. Our data suggests
that these regions may be much bigger than previously
thought.

Genes mapping to the chromosome 21 Down syndrome
critical region have been the subject of intense study (13–20).
However, relatively few global analyses of transcription in
human aneuploidy have been published and all of these relate to
trisomy 21. Differential display has been used to compare
transcription in t21 and control adult brains (21) but this
approach is likely to have significant confounding effects given
the common association of a neurodegenerative process
(Alzheimer disease) in Down syndrome. The same group have
used subtractive hybridization to detect Down syndrome-
specific alterations in fetal brain expression (22). Analysis of
brain tissue of the mouse model Ts65Dn has also been
performed using the SAGE technique and demonstrated that
0.72% of the unique tags generated showed significant
differences from control mice (23). This mouse contains three
copies of a region of mouse chromosome 16 from App to Mx1, a
region of conserved synteny with human chromosome 21. There
appears to be very little overlap between mouse and human
misregulation. This may not be surprising given that different
tissues are under study in different species using different
techniques. Amniocytes have no obvious trisomic phenotype
and thus may have fewer transcriptional confounders associated
with the secondary structural or degenerative pathology seen in
the brain. However, our approach may reduce the chances of
identifying important genes involved in the embryopathology.

The identification of gene networks that may be effectors of
the trisomic phenotype is at an early stage. The most
upregulated genes in t21 cells included several metalloprotei-
nases (MMP10, MMP7, MMP1, TIMP3). While no direct link
could be established between these specific genes and Down
syndrome, other metalloproteinases have been implicated in the
pathophysiology of periodontal disease in Down syndrome
(24,25) and in Alzheimer disease (26,27) which is common in
Down syndrome. Several growth factor-associated or regulated
genes (IGFBP4, IGFBP5, CTGF, TGFB2 and TGFBR1) were
down-regulated in t21 which may have an influence on many
embryological processes. In t13 the potential gene networks
provided no obvious clues to the pathogenesis of the condition.
It is interesting to note that D24-sterol reductase (seladin), a
gene involved in cholesterol biosynthesis and mutated in
desmosterolosis (MIM 602398) (28), is down regulated in t13.
Mutations in another gene in this pathway have been implicated

Figure 1. Means and standard errors of loge (fluorescence ratio) for each chro-
mosome for (A) t21 (B) t13. Cy3 : Cy5 ratios from unambiguously mapped
cDNAs on the UniGene 1 microarray were averaged by chromosome. Ratios
were derived from comparative hybridisation of pooled amniocyte mRNA from
trisomy 21 (t21), trisomy 13 (t13) and normal cells. �30% of all
chromosome 21 genes (31) and 23% of all chromosome 13 genes (http://
www.ensembl.org/) were represented on the microarray.
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in the aetiology of holoprosencephaly (29,30), which is a
common malformation in t13.

We believe that transcriptome analysis holds great potential
for unravelling the molecular basis of phenotypic variation
and embryopathology in chromosomal disorders. Amniocytes
are of fetal origin and easily available following routine
diagnostic testing. It is not clear whether their expression
profile will be able to accurately predict the phenotype and
this will require further study where outcome data are
available (e.g. microphthalmia in t13 or atrioventricular septal
defects in t21). It is interesting that IGFBP3 is consistently
upregulated in t21 amniocytes and has been previously
implicated in postnatal growth failure in trisomy 21 (9) and
as targets for maternal serum screening (8). Analysis of
individual rather than pooled samples may then identify a
subset of genes that can be used to improve diagnosis,
prognosis and treatment.

METHODS

Cell culture

Primary cultures of amniocytes were collected from male
fetuses between 16–18 weeks of pregnancy, following routine
diagnostic cytogenetic analysis of singleton pregnancies. The
following cell lines were used in the study; three cases of
trisomy 21 (47,XY þ 21); two cases of trisomy 13
(47,XY þ 13 and 46,XY,�14,rob (13;14)mat); and four
unrelated control cases with normal karyotypes (46,XY). A
single case with trisomy 18 (47,XY þ 18) was used for
microarray analysis of individual cases. For ethical reasons the
cultures were completely anonymized and pregnancy outcome
data or fetal ultrasound results were not obtainable. The cells
were grown in a commercial media optimized for amniocyte
culture (AmnioMax, GibcoBRL) at 37�C in 5% CO2. Only
culture flasks showing normal cell morphology were used for
RNA extraction.

Microarray analysis

Total RNA was extracted from each of the cell lines using
Trisol (GibcoBRL) after they had been confluent for 5 days.
mRNA was then isolated by two sequential rounds of
hybridization, washing and elution using poly-dT magnetic
beads (DYNAL). mRNA was quantitated and equivalent
amounts were pooled in each of the following categories:
Trisomy 21 (t21); Trisomy 13 (t13); Normal (Norm); and
Trisomy 18 (t18). For the first experiments 600 ng of each
pooled mRNA was labeled using either Cy3 (t13 & t21) or Cy5
(Norm) and then used for comparative hybridizations to a
commercial human cDNA microarray Human UniGene 1
(InCyte Genomics) containing 9128 cDNAs representing 8466
unique genes/clusters. Two different comparative hybridiza-
tions were performed: t21 versus Normal and t13 versus
Normal. The follow-up experiments on seven individual RNA
sample (two controls, two t21, two t13 and one t18 sample)
were not performed as comparative hybridizations due to the
large number of combinations that would be required. In these
experiments each RNA sample was post-labelled with Cy3 and
Cy5 following amino allyl-dUTP incorporation during first-
strand cDNA synthesis according to the manufacturers
instructions (Amersham). The separate labelling reactions were
then mixed and hybridized to seven Human GEN1 arrays
(gifted by the MRC HGMP Resource Centre). The Human
GEN1 array has 3280 different cDNA printed in duplicate on
each slide. Each hybridization included synthetic RNA controls
in triplicate or quadruplicate at different concentrations and
different ratios (1 : 3, 3 : 1, 1 : 10, 10 : 1, 1 : 25, 25 : 1), which
were mixed with the poly A RNA prior to labelling. The
washed slides were scanned using the ScanArray 4000
apparatus (GSI Luminomics) and the fluorescence was
quantified using GeneSpring software (Silicon Genetics).

Quantitative PCR

500 ng of each individual mRNA sample was heat denatured
and cDNA produced using oligo-dT primers and PowerScript

Table 3. RT–PCR analysis of individual samples

GAPD� 106 IGFBP3/103 GAPD IGFBP5/103 GAPD RGS5/103 GAPD

N1 193.6 0.00113 6 4.7
N2 60.75 0.00092 39.3 251.9
N3 106.9 0.00046 0.1 7.3
N4 77.75 0.00993 1.1 1
Group average 109.8 0.00311 11.6 66.2
Standard deviation 59.1 0.0 18.6 123.8

T21 1 60.67 0.1467 0.3 0.9
T21 2 38.42 0.24987 1.2 0.2
T21 3 157.1 0.27371 0.2 1.6
Group average 85.4 0.22343 0.57 0.9
Standard deviation 63.1 0.1 0.6 0.7

T13 1 93.97 0.2139 6.7 1.1
T13 2 95.15 0.0186 3.7 0.1
Group average 94.56 0.11625 5.2 0.6
Standard deviation 0.83 0.14 2.12 0.71

Real-time quantitative RT–PCR results from individual samples. The results are presented as calculated numbers of double-stranded DNA molecules in the starting
template. GAPD is used to normalize the results for IGFBP3, IGFBP5 and RGS5 and these results are presented as the number of double stranded DNA molecules
per 1000 GAPD molecules.
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Figure 2. Summary of the results from Human GEN1 microarray analysis using individual samples. Two t13, two t21, two control and one t18 were labelled with
both Cy3 and Cy5 and hybridized to separate slides. For each experiment the recorded fluorescent levels were log transformed and averaged by chromosome. To
facilitate comparison between mRNA samples the results were normalized by dividing the mean fluorescence of all spots in each experiment with the mean fluo-
rescence of genes mapping to each chromosome to give a relative expression level. The same two control samples are shown in each graph. The position of relevant
trisomic chromosome is shown with an arrow in each graph. (A) t13 versus Control; (B) t18 versus Control; (C) t21 versus Control. Although the relevant trisomic
chromosomes are higher than the controls in each case this is not statistically significant due to the variation in pattern between individuals in each class i.e. t13, t21
and controls.
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reverse transcriptase according to the manufacturer’s instruc-
tions (CLONTECH). 1/50 of the completed cDNA reaction
was used as a template for RT–PCR using GAPD (32),
IGFBP3 and IGFBP5 (33) primers that have been
previously reported. The primers used to amplify RGS5
(RGS5-F 50AGCCAAGACCCAGAAAACCT and RGS5-R
50TTTGCCTTCTCAGCCATCTT) were designed using Primer 3
software (http://www-genome.wi.mit.edu/genome_software/
other/primer3.html). None of the primers amplified a product
with a genomic DNA template. Real-time, quantitative
fluorescent RT–PCR was performed using the LightCycler
system (ROCHE) and SYBR green I fluorescent dye. A
standard dilution series for each message was produced using
the relevant purified DNA fragment. The PCR conditions
consisted of an initial denaturation of 94�C, followed by 50
cycles of 94�C for 1 s, 55�C for 5 s and 72�C for 15 s.
Fluorescence was measured at 85�C at the end of each cycle to
avoid including primer dimer accumulation (34). Each
quantitation was performed in triplicate on the individual
mRNA samples and normalized to GAPD levels.

Bioinformatic analysis

For all microarray experiments the raw fluorescence data was
imported into an Access database (MicroSoft). A hybridization
signal was defined as a fluorescent measurement >2.5-fold
higher than background fluorescence and covered >40% of the
spot area. For the two comparative hybridizations >� 2 SD
from the mean of the balanced Cy3 : Cy5 ratio was taken to
represent significant differential expression. The chromosomal

origin of each gene was determined by linking the accession
number of the microarray cDNAs to a download of LocusLink
(ftp://ncbi.nlm.nih.gov/refseq/LocusLink/). Statistical analysis
by ANOVA of log (fluorescence ratio) versus chromosomal
origin was performed on gene expression data with outliers
removed (all those more than 3.5 SD from each chromosome
mean). Data from cDNAs of unknown chromosomal origin
were not included. The statistician performing this analysis
(ADC) was blinded to the nature of the trisomy. Gene networks
were identified using the PubGene web interface (http://
www.pubgene.org/).

ACKNOWLEDGEMENTS

We thanks Professor van Heyningen for her helpful comments
on the manuscript. This work was funded by the Medical
Research Council and the Chief Scientist Office, Scotland grant
number K/MRS/50/C2701. We gratefully acknowledge the gift
of the Human GEN1 microarray slides from the MRC HGMP
Resource Centre.

REFERENCES

1. Hassold, T., Hunt, P.A. and Sherman, S. (1993) Trisomy in humans:
incidence, origin and etiology. Curr. Opin. Genet. Dev., 3, 398–403.

2. Kalter, H. and Warkany, J. (1983) Medical progress. Congenital
malformations: etiologic factors and their role in prevention (first of two
parts). N. Engl. J. Med., 308, 424–431.

3. Carothers, A.D. (1994) A cytogenetic register of trisomies in Scotland:
results of the first 2 years (1989, 1990). Clin. Genet., 46, 405–409.

Figure 3. Matrix plot of pairwise comparisons of all seven individual microarray analysis labelled; t21 A, t21 B, t13 A, t13 B, Con A, Con B and t18. Each plot in
the matrix is of the relative expression level of individual chromosomes between experiment. All comparisons show significant correlation coefficients:
average¼ 0.88; range 0.75–0.93. There is thus a consistent pattern of relative expression level of inidividual chromosomes.

Human Molecular Genetics, 2002, Vol. 11, No. 26 3255

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/article/11/26/3249/563462 by guest on 20 August 2022



4. Kurnit, D.M. (1979) Down syndrome: gene dosage at the transcriptional
level in skin fibroblasts. Proc. Natl Acad. Sci. USA, 76, 2372–2375.

5. Newby, D., Aitken, D.A., Crossley, J.A., Howatson, A.G., Macri, J.N. and
Connor, J.M. (1997) Biochemical markers of trisomy 21 and the
pathophysiology of Down’s syndrome pregnancies. Prenat. Diagn., 17,
941–951.

6. Hackshaw, A.K. and Wald, N.J. (2000) Revised distribution parameters for
serum markers for trisomy 18. J. Med. Screen., 7, 215.

7. Aitken, D.A., McCaw, G., Crossley, J.A., Berry, E., Connor, J.M., Spencer,
K. and Macri, J.N. (1993) First-trimester biochemical screening for fetal
chromosome abnormalities and neural tube defects. Prenat. Diagn., 13,
681–689.

8. Moghadam, S., Engel, W., Bougoussa, M., Hennen, G., Igout, A. and
Sancken, U. (1998) Maternal serum placental growth hormone
and insulinlike growth factor binding proteins 1 and 3 in pregnancies
affected by fetal aneuploidy and other abnormalities: implications
for prenatal diagnosis of trisomy 21. Fetal Diagn. Ther.,
13, 291–297.

9. Anneren, G., Tuvemo, T., Carlsson-Skwirut, C., Lonnerholm, T., Bang, P.,
Sara, V.R. and Gustafsson, J. (1999) Growth hormone treatment in young
children with Down’s syndrome: effects on growth and psychomotor
development. Arch. Dis. Child., 80, 334–338.

10. Pollack, J.R., Perou, C.M., Alizadeh, A.A., Eisen, M.B., Pergamenschikov,
A., Williams, C.F., Jeffrey, S.S., Botstein, D. and Brown, P.O. (1999)
Genome-wide analysis of DNA copy-number changes using cDNA
microarrays. Nat. Genet., 23, 41–46.

11. Brewer, C., Holloway, S., Zawalnyski, P., Schinzel, A. and FitzPatrick, D.
(1999) A chromosomal duplication map of malformations: regions of
suspected haplo- and triplolethality—and tolerance of segmental aneu-
ploidy—in humans. Am. J. Hum. Genet., 64, 1702–1708.

12. Caron, H., van Schaik, B., van der Mee, M., Baas, F., Riggins, G., van
Sluis, P., Hermus, M.C., van Asperen, R., Boon, K., Voute, P.A. et al.
(2001) The human transcriptome map: clustering of highly expressed genes
in chromosomal domains. Science, 291, 1289–1292.

13. Fuentes, J.J., Genesca, L., Kingsbury, T.J., Cunningham, K.W., Perez-Riba,
M., Estivill, X. and de la Luna, S. (2000) DSCR1, overexpressed in Down
syndrome, is an inhibitor of calcineurin-mediated signaling pathways. Hum.
Mol. Genet., 9, 1681–1690.

14. Pucharcos, C., Fuentes, J.J., Casas, C., de la Luna, S., Alcantara, S.,
Arbones, M.L., Soriano, E., Estivill, X. and Pritchard, M. (1999) Alu-splice
cloning of human Intersectin (ITSN), a putative multivalent binding protein
expressed in proliferating and differentiating neurons and overexpressed in
Down syndrome. Eur. J. Hum. Genet., 7, 704–712.

15. Blouin, J.L., Duriaux Sail, G. and Antonarakis, S.E. (1996) Mapping of the
human holocarboxylase synthetase gene (HCS) to the Down syndrome
critical region of chromosome 21q22. Ann. Genet., 39, 185–188.

16. Blouin, J.L., Duriaux-Sail, G., Chen, H., Gos, A., Morris, M.A., Rossier, C.
and Antonarakis, S.E. (1996) Mapping of the gene for the p60 subunit of
the human chromatin assembly factor (CAF1A) to the Down syndrome
region of chromosome 21. Genomics, 33, 309–312.

17. De La Torre, R., Casado, A., Lopez-Fernandez, E., Carrascosa, D.,
Ramirez, V. and Saez, J. (1996) Overexpression of copper–zinc superoxide
dismutase in trisomy 21. Experientia, 52, 871–873.

18. Eki, T. Abe, M., Naitou, M., Sasanuma, S.I., Nohata, J., Kawashima, K.,
Ahmad, I., Hanaoka, F. and Murakami, Y. (1997) Cloning and
characterization of novel gene, DCRR1, expressed from Down’s
syndrome critical region of human chromosome 21q22.2. DNA Seq., 7,
153–164.

19. Barlow, G.M., Chen, X.N., Shi, Z.Y., Lyons, G.E., Kurnit, D.M., Celle, L.,
Spinner, N.B., Zackai, E., Pettenati, M.J., Van Riper, A.J. et al. (2001)
Down syndrome congenital heart disease: a narrowed region and a
candidate gene. Genet Med., 3, 91–101.

20. Marks, A. and Allore, R. (1990) S100 protein and Down syndrome.
Bioessays, 12, 381–383.

21. Krapfenbauer, K., Yoo, B.C., Kim, S.H., Cairns, N. and Lubec, G. (2001)
Differential display reveals downregulation of the phospholipid transfer
protein (PLTP) at the mRNA level in brains of patients with Down
syndrome. Life Sci., 68, 2169–2179.

22. Labudova, O., Kitzmueller, E., Rink, H., Cairns, N. and Lubec, G. (1999)
Gene expression in fetal Down syndrome brain as revealed by subtractive
hybridization. J. Neural. Transm., 57 (Suppl.), 125–136.

23. Chrast, R., Scott, H.S., Papasawas, M.P., Rossier, C., Antonarakis, E.S.,
Barras, C., Davisson, M.T., Schmidt, C., Estivill, X., Dierssen, M. et al.
(2000) The mouse brain transcriptome by SAGE: differences in gene
expression between P30 brains of the partial trisomy 16 mouse model of
Down syndrome (Ts65Dn) and normals. Genome Res., 10, 2006–2021.

24. Komatsu, T., Kubota, E. and Sakai, N. (2001) Enhancement of matrix
metalloproteinase (MMP)-2 activity in gingival tissue and cultured
fibroblasts from Down’s syndrome patients. Oral Dis., 7, 47–55.

25. Halinen, S., Sorsa, T., Ding, Y., Ingman, T., Salo, T., Konttinen, Y.T. and
Saari, H. (1996) Characterization of matrix metalloproteinase (MMP-8 and
-9) activities in the saliva and in gingival crevicular fluid of children with
Down’s syndrome. J. Periodontol., 67, 748–754.

26. Miyazaki, K.Hasegawa, M., Funahashi, K. and Umeda, M. (1993) A
metalloproteinase inhibitor domain in Alzheimer amyloid protein precursor.
Nature, 362, 839–841.

27. Papastoitsis, G., Siman, R., Scott, R. and Abraham, C.R. (1994)
Identification of a metalloprotease from Alzheimer’s disease brain able to
degrade the beta-amyloid precursor protein and generate amyloidogenic
fragments. Biochemistry, 33, 192–199.

28. Waterham, H.R., Koster, J., Romeijn, G.J., Hennekam, R.C., Vreken, P.,
Andersson, H.C., FitzPatrick, D.R., Kelly, R.I. and Wanders, R.J. (2001)
Mutations in the 3beta-hydroxysterol Delta24-reductase gene cause
desmosterolosis, an autosomal recessive disorder of cholesterol biosynth-
esis. Am. J. Hum. Genet., 69, 685–694.

29. Kelley, R.L., Roessler, E., Hennekam, R.C., Feldman, G.L., Kosaki, K.,
Jones, M.C., Palumbos, J.C. and Muenke, M. (1996) Holoprosencephaly in
RSH/Smith-Lemli-Opitz syndrome: does abnormal cholesterol metabolism
affect the function of Sonic Hedgehog? Am. J. Med. Genet., 66, 478–484.

30. Muenke, M. and Cohen, M.M., Jr. (2000) Genetic approaches to
understanding brain development: holoprosencephaly as a model. Ment.
Retard. Dev. Disabil. Res. Rev., 6, 15–21.

31. Gardiner, K. and Davisson, M. (2000) The sequence of human
chromosome 21 and implications for research into Down syndrome. Genome
Biol., 1, 1–9.

32. Eggert, A., Brodeur, G.M. and Ikegaki, N. (2000) Relative quantitative
RT–PCR protocol for TrkB expression in neuroblastoma using GAPD as an
internal control. Biotechniques, 28, 681–682, 686, 688–691.

33. Bushman, T.L. and Kuemmerle, J.F. (1998) IGFBP-3 and IGFBP-5
production by human intestinal muscle: reciprocal regulation by endogen-
ous TGF-beta1. Am. J. Physiol., 275, G1282–1290.

34. Pfaffl, M.W. (2001) Development and validation of an externally
standardised quantitative insulin like growth factor-1 (IGF-1) RT–PCR
using LightCycler SYBR1 Green I technology. In Meuer, S. Wittwer, C.
and Nakagawara, K. (eds), Rapid Cycle Real-time PCR, Methods and
Applications, Springer Press, Heidelberg, pp. 281–291.

3256 Human Molecular Genetics, 2002, Vol. 11, No. 26

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/article/11/26/3249/563462 by guest on 20 August 2022


