
PERSPECTIVES

a little over 30 years ago the median age of
death of a person born with Down syn-
drome was 1 year3, most people with Down
syndrome were institutionalized and many
physicians and scientists believed that peo-
ple with Down syndrome would never
achieve most of the typical developmental
milestones. Now, almost all children with
Down syndrome in the developed world
are raised by their parents and attend
schools in inclusive or semi-inclusive set-
tings. Also, largely owing to advances in
medical care and attitude changes, the
median age of death in this population has
increased to 49 years (REF. 3), and the life
expectancy of a 1-year-old person with
Down syndrome is more than 60 years and is
likely to improve4. As their life expectancy
continues to increase, however, the intellec-
tual disabilities and neurodegenerative dis-
orders faced by people with Down syndrome
become an ever more important personal
and societal problem. Current trends indi-
cate that, until our understanding of the
mechanisms that underlie chromosomal
non-disjunction advances to the point that
we can effectively prevent this crucial causal
event in the production of Ts21, the num-
ber of individuals with Down syndrome in
the population is likely to increase4.

The general clinical aspects of Down
syndrome have been reviewed thoroughly
elsewhere5,6 and are not discussed here. We
focus primarily on Down syndrome as 
a genetic disorder that affects the brain,
which has both neurodevelopmental and
neurodegenerative components.

The early history of Down syndrome
Research on Down syndrome is closely inter-
twined with the history of genetics. In 1859,
Charles Darwin published the Origin of
Species, in which he laid out the theory of evo-
lution7. Darwin’s classical work dealt almost
exclusively with animals, but it contributed to
the debate about the origins and evolution of
humans. John Langdon Down provided
Darwin with access to a subject for his second
seminal work, The Descent of Man8, so it is
clear that he was aware of the intellectual 
ferment about evolution and genetics.

In 1865, Gregor Mendel published his
laws of genetics9. It is in this context that
Down published Observations on an Ethnic
Classification of Idiots; his description of
Down syndrome10. Down felt that Down syn-
drome represented a racial ‘‘retrogression’’
caused by ‘‘instances of degeneracy arising
from tuberculosis in the parents.’’ He grouped
people with Down syndrome as having
‘‘Mongol’’ features, and this is where the inap-
propriate term ‘Mongol’, referring to people
with Down syndrome, originated. Down dis-
cussed the philosophical implications of this
terminology in terms of whether humans are
grouped into immutable races or whether
‘‘…races are merely varieties of the human
family having a common origin.’’ He closed
with the statement ‘‘I cannot but think that
the observations which I have recorded are
indications that the differences in races are not
specific but variable. These examples of the
result of degeneracy among mankind, appear
to me to furnish some arguments in favour of
the unity of the human species.’’

In what is arguably the best biographic
account on John Langdon Down, Owen
Conor Ward11 wrote ‘‘He was a man of his
time, with great insight compared to many of
his contemporaries, but with some of the
inevitable limitations that are to be expected
when so much of the knowledge and the
means of acquiring knowledge — which we
now take for granted — were simply not
available.’’ Ward’s account includes two irre-
sistible pieces of trivia: Down’s son, Reginald

Down syndrome, the most common
genetic cause of intellectual disabilities, 
was first described in 1866, during an era 
of great change in our understanding of
genetics and evolution. Because of its
importance, the history of research on
Down syndrome parallels the history of
human genetics. In many instances,
research on Down syndrome has 
inspired progress in human genetics. 
In this article, we describe the interplay
between advances in the understanding
of genetics and the understanding of
Down syndrome from its initial 
description to the present, and on the
basis of this historical perspective,
speculate briefly about the future of
research on Down syndrome.

We have known since the late 1950s that
Down syndrome, which occurs in about 
1 in 800 live births1, is the result of the tri-
somy of chromosome 21 (Ts21)2. However,
the molecular factors that underlie specific
phenotypic components of this chromo-
somal disorder remain elusive. Over the
past 15 years, progress in the quantitative
description of specific traits that are asso-
ciated with Down syndrome, the develop-
ment of viable Down syndrome mouse
models and our progressively more sophis-
ticated knowledge of the human and mouse
genomes have brought renewed excitement
to this field (TIMELINE).

To appreciate the pace of progress in the
quality of life of individuals with Down
syndrome, we simply need to consider that
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work because they could not find the missing
2 chromosomes. This finding was not
accepted easily. For example, Masuo Kodani
reported that humans could have three dif-
ferent chromosome numbers; 46, 47 and 48
(REF. 26). In 1958, Tjio and Theodore T. Puck
published an analysis of several hundred
metaphase spreads from five tissues and
seven individuals that confirmed that the
correct chromosome number in humans is
46 (REF. 27). Within a year, Jerome Lejeune
showed that Down syndrome is caused by
trisomy of HSA21 (REF. 2). Almost simulta-
neously, Patricia Jacobs and colleagues
published a manuscript28 that confirmed
Lejeune’s findings. In rapid succession, sev-
eral studies reporting on Down syndrome
owing to chromosomal translocations that
involve HSA21 and mosaicism for Ts21 were
published29–31.

Within a decade, these cytogenetic discov-
eries led to the technical feasibility of prenatal
testing for Down syndrome based on the kary-
otype of metaphase spreads from cell samples
that are derived from foetuses. Clearly, the
chief purpose of these tests is to allow prospec-
tive parents the option of pregnancy termina-
tion, although there are other reasons; for
example, to allow planning for the birth of a
child with Down syndrome (see BOX 1).

Genotype–phenotype correlations 
In the 1960s, numerous examples of so-called
tandem translocations between two HSA21s
that result in trisomy for various regions of
HSA21 were reported. In 1970, Caspersson
and colleagues introduced chromosome
banding to human cytogenetics, so that
individual chromosomes could be subdi-
vided and specific regions or bands could be
identified32. In that same year, Caspersson et
al.33 analysed blood samples from several

Chromosomes and Down syndrome
The role of chromosomal trisomy in Down
syndrome emerged slowly. In 1882, Walther
Flemming described chromosomal behav-
iour during cell division18. In 1900, Mendel’s
laws were rediscovered, and in 1903, Walter
Sutton noted that chromosomes follow
Mendel’s laws and speculated that genes
might be contained on chromosomes19. In
1915, Thomas H. Morgan and colleagues
published a synthesis of years of work enti-
tled The Mechanism of Mendelian Heredity 20,
which made an almost incontrovertible case
that genes are located on chromosomes. By
1920, the concept that chromosomes carry
genes was widely accepted.

In 1921, Theophilus S. Painter presented
evidence that humans have 45 to 48 chromo-
somes21. By 1923, he had concluded that the
correct number of chromosomes was 48 based
on the analysis of tissue from only two individ-
uals — inmates of the Texas State Insane
Asylum22. In 1932, Charles B. Davenport spec-
ulated that chromosomal irregularities might
cause intellectual disabilities, including Down
syndrome. He obtained a tissue sample from
an individual with Down syndrome and sent it
to Painter, who found no obvious chromoso-
mal irregularities23. In that same year, Petrus J.
Waardenburg speculated that non-disjunction
that leads to trisomy or monosomy might be a
cause of Down syndrome24. It was more than
25 years before the correct number of chromo-
somes in humans was determined and
Waardenburg’s hypothesis validated.

In 1956, Joe H. Tjio and Albert Levan
analysed 261 chromosome spreads from 
4 unselected aborted foetuses and concluded
that humans have only 46 chromosomes25.
They noted that the number 48 was so
ingrained that researchers who found 46 chro-
mosomes in their samples suspended their

Langdon Down, was the first to describe the
classical pattern of palmar creases in people
with Down syndrome; and Reginald Langdon
Down’s son — also named John Langdon
Down — had Down syndrome.

In the several decades after the publica-
tion of Down’s pioneering work, the pro-
posed causes of Down syndrome included
foetal HYPERTHYROIDISM (see Glossary) or
another endocrine dysfunction, syphilis,
environmental insult during pregnancy,
social position, alcoholism, consanguinity,
race and uterine exhaustion12. Interestingly,
the association between Down syndrome and
premature cognitive decline was recognized
as early as 1876 (REF. 13), more than 30 years
before Alois Alzheimer described the neuro-
pathological–neuropsychiatric entity that
now bears his name14, and more than 70 years
before the association of Alzheimer disease
with Down syndrome was published15.

In 1961, as solid epidemiological and
cytogenetic information about Down syn-
drome became available, a prestigious group of
20 biomedical researchers signed a letter that
was published in The Lancet16, calling on their
colleagues to stop using the term ‘mongolism’
and its derivatives to describe people with
Down syndrome and proposed, among others,
the term ‘‘trisomy 21 anomaly’’. At the 1965
World Health Assembly, the delegation for the
Mongolian People’s Republic informally appr-
oached the Director General of the World
Health Organization (WHO) with the request
that the terms Mongol and mongolism be
avoided17.Although such objectionable terms
disappeared from WHO publications after this
request, they continued to appear in the scien-
tific literature throughout the early 1970s, until
slowly they fell into disuse owing in part to
continued pressure from parent groups and
prominent Japanese and Chinese scientists.
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mutually exclusive. The chief proponents of
the amplified genomic instability hypothesis
readily admit that there might be some pheno-
types of Down syndrome that are influenced to
a large extent by specific trisomic genes.

The amplified genetic instability hypothe-
sis seeks to explain two observations — the
fact that phenotypic commonalities occur in

individuals with Down syndrome and an indi-
vidual without Down syndrome but with tri-
somy for part of HSA21 — but not the distal
part of the long arm — and stated that ‘‘the
genetic material, which in triplicate gives
Down syndrome, is on the distal part on the
long arm of chromosome 21.’’ Soon, other
investigators also proposed that trisomy of
the distal third of HSA21, band 21q22, could
cause Down syndrome, and that the severity
of the syndrome might depend on the extent
of the trisomic region34,35. These were the
initial attempts at genotype–phenotype
correlations for Down syndrome.

Other researchers extended the concept
of genotype–phenotype correlation in
Down syndrome. By comparison of many
individuals with partial Ts21, a Down syn-
drome critical region was defined36,37. In an
important modification of the original con-
cept, Korenberg and colleagues developed
the hypothesis that specific aspects of the
phenotype of Down syndrome could be
associated with specific regions of HSA21
(for example, congenital heart disease),
whereas others (for example, intellectual
disabilities) could not38,39.

Origins of the phenotypic features
There are two principal hypotheses for how
Ts21 causes Down syndrome. Both are based
on the assumption that if a gene is present in
three copies rather than two the level of
expression of that gene will be elevated — in
the simplest case, by 50%. The gene dosage-
effect hypothesis states that elevated expres-
sion of specific trisomic genes directly leads to
specific features of Down syndrome. The
amplified developmental instability hypothe-
sis states that, in general, the most important
cause of the array of phenotypic features that
are associated with Down syndrome does not

actually involve direct contributions of spe-
cific genes on HSA21, but rather that elevated
activity of sets of genes, regardless of their
identity, will lead to a decrease in genetic sta-
bility or homeostasis40,41. Therefore, the larger
the number of trisomic genes, the more sus-
ceptible the foetus will be to developmental
abnormalities. These two hypotheses are not
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Box 1 | Prenatal diagnosis and screening

It is beyond the scope of this article to attempt to review the ethical and legal issues surrounding
the termination of pregnancies that involve the possibility of a foetus with Ts21. We can point
out, however, that this debate continues to this day. A sobering reminder of this fact is that recent
evidence indicates that an increasing number of prospective parents are deciding not to avail
themselves of prenatal diagnosis, even when at risk for birth of a child with Down syndrome132

(because of a positive screening test or advanced maternal age). This trend is likely to accelerate
as progress in research and medical care continues to improve the outcome for people with
Down syndrome.

Prenatal diagnosis by amniocentesis has been offered since the early 1970s. By the mid 1980s,
prenatal diagnosis using chorionic villus sampling also has become an option133. In fact,
most prenatal diagnosis is offered when there is the possibility of the birth of a child with 
Down syndrome. Generally, because these procedures are not without risk, they are only
routinely offered to pregnant women that are older than thirty-five.

Because of the frequency of Down syndrome and the risk from invasive testing, researchers
have attempted to devise non-invasive screening procedures to detect a foetus with Down
syndrome. The possibility of using biochemical markers in maternal blood for screening
became a reality in 1984, when Merkatz et al. reported an association between low maternal
serum α-foetoprotein and foetal chromosomal abnormalities134. Since that time, further
biochemical markers (up to six) have been added to screening tests for Down syndrome to
increase specificity and to reduce false positive and false negative results135. Also, in 1992, the
use of ultrasound to detect FOETAL NUCHAL TRANSLUCENCY to screen for chromosomal aneuploidies
was reported136. The biochemical screens have been combined with ultrasound in an attempt 
to improve the success of screening. In addition, detection of foetal cells in maternal blood has
also been examined as a possible method of non-invasive screening for Down syndrome137.
All these tests and combinations thereof have significant false positive rates and do not 
detect all cases of Down syndrome.

It seems imperative that more bioethical debate occurs before non-invasive prenatal diagnostic
techniques for Down syndrome are developed and widely implemented. Issues to be considered
include, but should not be limited to, the possibility that such tests devalue the humanity of
people with Down syndrome and that they might increase legal or other forms of discrimination
against people with Down syndrome (see for example, REF. 138).
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Physical mapping. The initial physical map
of HSA21 was the cytogenetic map, which
still presents advantages for relating chro-
mosome anomalies to the DNA sequence55.
Other maps were aligned with the cytoge-
netic map, to the resolution limits of the
light microscope. However, production of a
physical map of HSA21 in terms of base
pairs of DNA required further technical
advances; in particular, methods for separat-
ing large DNA fragments by size on gels, the
use of restriction enzymes that cut human
DNA at rare intervals and methods of
cloning large DNA fragments (on the order
of hundreds of kilobases of DNA). Deve-
loped between 1984 and 1992, these meth-
ods were rapidly applied to mapping HSA21
(REFS 56–64).

A crucial step in both the mapping and
sequencing of HSA21, and even the entire
human genome, was the development of
methods to clone large DNA fragments. The
first successful method involved the creation
of YACs58, which allowed cloning of DNA
fragments that are larger than 1 million base
pairs into yeast cells. These could then be
analysed for DNA markers and assembled
into contiguous clones that cover large
regions of the genome. HSA21q was one of
the first two chromosome arms for which a
contiguous set of overlapping YAC clones was
constructed60.

YACs were a major technical breakthrough
but they had a tendency to rearrange and to
contain DNA from different genomic regions,
thereby producing chimaeric clones. It turned
out to be extremely difficult to produce a
minimal set of YACs that covered HSA21q
with no gaps50,65. Fortunately, methods of
cloning slightly smaller DNA fragments in
bacteria, up to a few hundred kilobases, were
soon developed62,64, thereby avoiding prob-
lems of rearrangement and chimaerism.

In 1990, the HSA21 community created the
Chromosome 21 Joint Yeast Artificial Chromo-
some Effort48; an effort by which libraries of
large-insert DNA clones were screened for spe-
cific clones from all researchers working on
HSA21. In 3 years, more than 1,200 large-
insert clones were made available to more than
70 laboratories throughout the world.

Sequencing. Building on their long history
of collaboration, the HSA21 community
discussed (in 1994) and officially estab-
lished (in 1996) a consortium to sequence
HSA21 (REF. 66). The actual DNA sequence
of HSA21q was obtained primarily by labo-
ratories in Japan and Germany, but it built on
the work of the entire HSA21 research com-
munity. The publication of the DNA sequence

purines for growth. In this way, HSA21 or
fragments thereof (as long as they contained
GARS), could be selectively retained in
somatic-cell hybrids. Using this approach, a
large number of somatic-cell hybrids that
retain various fragments of HSA21 were
created and rapidly used by many laborato-
ries to regionally map genes on HSA21. In
1990, a set of four hybrids was adopted by
the HSA21 research community as a gener-
ally available HSA21 somatic-cell hybrid
mapping panel48. By 1995, this panel con-
tained 27 well-characterized somatic-cell
hybrids49,50.

Radiation hybrid mapping. In 1975, Goss and
Harris published an elegant paper describ-
ing the use of somatic-cell hybrids to deter-
mine the relative physical linkage and order of
genetic markers along chromosomes51. This
method involved irradiating human cells,
immediately fusing them with CHO cells that
lack hypoxanthine phosphoribosyltransferase
(HPRT) activity, isolating a large number of
hybrid cells that contain the human HPRT
selectable marker and then measuring how
often other markers on the X chromosome co-
segregated with the HPRT marker (which is
known to be on the X chromosome).

In 1990, a general radiation hybrid map-
ping method was described52. First, a CHO/
human somatic-cell hybrid that contains
HSA21 was irradiated and then fused with an
HPRT-deficient CHO cell. Second, HPRT
positive clones, which must contain the func-
tional HPRT gene from the irradiated hybrid,
were selected. Third, the presence and co-
segregation of HSA21 markers were assessed
and analysed statistically to determine the dis-
tances between DNA markers and the order of
markers. This method has become a mainstay
of human genome mapping.

Linkage mapping. Genetic linkage mapping
of HSA21 allowed the ordering of markers
along the chromosome and revealed insights
about the possible roles of meiotic recombina-
tion, which might be important in under-
standing the non-disjunction events that lead
to Down syndrome53. For example, it is now
clear that meiotic recombination varies in
level and position along HSA21. Analysis of
polymorphic markers was also important in
establishing that the vast majority of extra
HSA21s in Down syndrome are maternally
derived54. As DNA clones that contain the
markers used for linkage became available,
the linkage map was rapidly integrated with
the cytogenetic, somatic-cell hybrid and physi-
cal maps of the chromosome. This integration
allowed independent validation of each map.

many ANEUPLOID states; and that phenotypic
traits of Down syndrome occur in euploid
people, but at much lower frequencies.
Some features of Down syndrome are seen
in other aneuploidies, but some are not.
Other aneuploid conditions do not result in
the appearance of the neuropathological
signs of Alzheimer disease or an increased risk
of Alzheimer disease. It was this unique
increased risk of Alzheimer disease-like pathol-
ogy and Alzheimer disease-like dementia in
people with Down syndrome that led to the
hypothesis that a gene on HSA21 must be
involved in Alzheimer disease42 and to the
demonstration that mutations in a gene that
encodes the amyloid precursor protein,
APP, cause early-onset Alzheimer disease43.
Although it can be argued that this apparent
uniqueness of Alzheimer disease-like pathol-
ogy in adults with Down syndrome is simply
a consequence of the increased longevity of
these individuals compared with people
with other autosomal aneuploid condi-
tions, several other distinctive features also
are observed. For example, MYELODYSPLASTIC

SYNDROME and ACUTE MYELOID LEUKAEMIA (see also
Online links), which are associated with
Down syndrome, have unique clinical charac-
teristics44 and are rarely, if ever, seen in other
aneuploid conditions. The most frequent
forms of cardiac malformation that are seen
in people with Down syndrome are atrioven-
tricular canal defects, whereas the most com-
mon heart defects in trisomy 13, 18 and 22 are
ventricular septal defects5,6,45. Also, DUODENAL

ATRESIA, which is not characteristic of other
aneuploidies, affects 2–5% of infants with
Down syndrome, whereas 20–30% of all
children with duodenal atresia have Down
syndrome5,6.

Mapping and sequencing of HSA21
Somatic-cell hybrid mapping. The finding that
fusion between somatic rodent and human
cells often leads to hybrid cells that retain one
or a small number of human chromosomes
had a major impact on mapping of HSA21.
In 1973, the first two genes to be mapped to
HSA21 were mapped using this approach —
a gene for an interferon receptor (IFNAR1)
and the gene for indophenol oxidase B, now
known as cytosolic superoxide dismutase
(SOD1)46. The hybrid cell line that is
described in this report and its derivatives are
still used today.

In 1977, Moore et al.47 mapped the gene
for the purine biosynthetic enzyme phospho-
ribosylglycineamide synthase (GARS) to
HSA21 using hybrids between human cells
and Chinese hamster ovary (CHO) cells that
were defective in the GARS gene and required
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experimentally. It is imperative to link cogni-
tion with neurobiology and neurophysiology.
This will require the use of model organisms.
The most useful models so far have been
mice86. Nevertheless, mice are not humans
and, for each new Down syndrome-like phe-
notype studied, it will be necessary to deter-
mine the applicability of results from mouse
models to the human situation.

For an animal model to be most useful to
study Down syndrome, two features are neces-
sary. First, the phenotype of the animal model
must possess features that are relevant to
Down syndrome. Second, the animal model
should be trisomic for a gene or genes that are
present on HSA21. Until 1969, there was no
evidence that these features occurred in any
non-human species. In that year, a chim-
panzee was described that had many pheno-
typic features that are associated with Down
syndrome87. Examination of the chromo-
somes of this chimpanzee showed that it was
trisomic for a small ACROCENTRIC CHROMOSOME

reminiscent of HSA21, chimpanzee chromo-
some 22. This was an early indication that
mammalian autosomes might be at least 
partially conserved, and that phenotypes that
are reminiscent of Down syndrome could be
observed in other species. The speculation
that these two chromosomes were similar
was confirmed when the DNA sequence of
chimpanzee chromosome 22 was analysed88.
These analyses have been extended to other
hominoids and allow conclusions to be made
about the evolution of the hominoids and
some inferences about the unexpected com-
plexity of genomic changes after specia-
tion88,89. Importantly, the conservation of
chromosomal regions can be extended to
other mammals, including the mouse, as
described below.

Trisomy mouse models. In the 1970s, Alfred
Gropp and collaborators developed mouse
strains that allow the generation of trisomy
for any mouse chromosome90. In 1978,
Charles Epstein91 speculated that ‘‘For study-
ing human trisomy 21, it would be useful to
have a mouse model of aneuploidy for a chro-
mosome or chromosome segment homolo-
gous to that part of human chromosome 21
that gives rise to Down syndrome. Once the
human chromosome 21 loci, such as superox-
ide dismutase-1, the antiviral genes, and glyci-
namide ribonucleotide synthase, are mapped
on the mouse genome, it will be possible to
study systematically the consequences of ane-
uploidy on the functions of these loci.’’ The
first gene located on HSA21 was mapped to
mouse chromosome 16 (MMU16) in 1979
(REF. 92). By 1980, on the basis of phenotypic

of HSA21 represented the culmination of the
mapping effort67. This publication integrated
the physical maps, linkage maps and somatic-
cell hybrid maps, and reported the initial
annotation of the gene content of HSA21q
and several other physical features of HSA21,
such as CpG ISLAND content, repeat sequence
content and the distribution of transcripts. It
represents a seminal achievement in Down
syndrome research and provides the basis for
studies of gene structure, expression and
function, and guides the production of
mouse models for Down syndrome, analysis
of methylation patterns68 and the investiga-
tion of novel RNA transcripts from HSA21
(REF. 69).

Analysis of the HSA21 DNA sequence
confirmed several speculations about HSA21.
For example, many researchers had specu-
lated that one reason Ts21 is compatible with
life is that HSA21 might be relatively gene-
poor. On the basis of the apparently inordi-
nate importance of 21q22, it was speculated
that this band might be gene-rich relative to
other areas of the chromosome. Both these
speculations were proved to be true67. The
publication of the mouse genomic sequence
allowed comparison of the SYNTENIC REGIONS of
the mouse genome with HSA21 (REF. 70),
which enhanced the continued annotation of
HSA21 and is of great importance for evalu-
ating the suitability of mouse models of
Down syndrome71.

In 2001, Patil et al.72 used the sequence of
HSA21 and somatic-cell genetic techniques to
examine the distribution of SNPs on HSA21
from different individuals. This approach
revealed blocks of limited haplotype diver-
sity. By the use of somatic-cell hybrid tech-
nology to separate individual HSA21s, they
were able to eliminate ambiguity resulting
from the presence of two HSA21s in human
euploid cells. This was the first study to define
HAPLOTYPE BLOCKS for an entire chromosome.
This finding has potentially profound impli-
cations for comprehensive WHOLE-GENOME

ASSOCIATION STUDIES designed to map loci that are
relevant to disease because, once the blocks 
are defined, the number of SNPs that need to
be examined can be markedly reduced.

The transcriptome and proteome
The transcriptome. Measuring mRNA levels
is the most direct method of assessing alter-
ations in gene expression in Down syndrome.
Mao et al.73 carried out such an analysis on
human foetal Ts21 material. The results indi-
cate a global upregulation in the expression
of genes that map to HSA21, but not of other
genes in the genome. Microarray analysis of
Ts21 and Ts13 cell lines indicate a subtle

elevation in the expression of trisomic genes
compared with diploid cell lines74. In contrast
to the findings of Mao et al.73, this approach
provided evidence for widespread, more
extreme dysregulation of genes that are not
on the trisomic chromosome. The authors
reported consistent differences in the genes
that are dysregulated in trisomic cells. It is
not only important to determine whether
HSA21 genes are expressed according to gene
dosage in Down syndrome, but also to estab-
lish the temporal and spatial expression pat-
terns of these genes. Work to address this
issue is underway75,76.

In an intriguing set of experiments, micro-
array technology has been used to examine the
transcriptome of HSA21 and HSA22 (REFS

69,77). This work provides evidence that the
transcriptome of HSA21 is much larger than
previously thought, with perhaps only 31.4%
of the transcribed nucleotides encoding well-
annotated genes69. The nature of the additional
transcripts is not fully understood at present.
This observation might lead to a reassess-
ment of the number of genes that are present
on the HSA21 and perhaps a broadening of
our concept of what constitutes a gene.

The proteome. In 1975, O’Farrell described
TWO-DIMENSIONAL GEL ELECTROPHORESIS (2DGE)78.
2DGE was applied rapidly to the analysis of
Down syndrome79–83, but the general conclu-
sions were rather disappointing. With the
exception of SOD1, no proteins could be
identified. Proteins either increased or
decreased owing to the presence of an extra
HSA21, but, at that point in history, precise
quantification was almost impossible. No
studies were done on tissue samples from
individuals with Down syndrome, and stud-
ies on cell cultures might have limited their
relevance to protein patterns in vivo84.
Probably for these reasons, these studies were
not pursued for the most part.

Many of these difficulties have now been
overcome by technical advances such as the
use of MASS SPECTROMETRY and database search-
ing to identify proteins. The complexity of the
proteome requires further protein fractiona-
tion methods, and progress is being made in
this area. Mouse models might serve as useful
alternatives to overcome the difficult problem
of obtaining appropriate human samples.
Quantification issues might be amenable to
new experimental approaches, for example
DIFFERENCE GEL ELECTROPHORESIS (DIGE)85.

The use of mouse models 
Cognitive impairment is one of the most 
difficult and yet one of the most necessary
features of Down syndrome to address
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recapitulate the entire phenotype of Down
syndrome, but many have features that are
reminiscent of aspects of the phenotype.
Transgenic mice containing human SOD1
were the first mice produced to contain a gene
encoded on HSA21 (REF. 112). These mice have
some features that are similar to those seen in
people with Down syndrome113,114. Many
investigators have produced transgenic mice
that express normal and mutant forms of
APP, and have demonstrated learning and
memory deficits in these mice, including per-
formance decline with age. In a recent experi-
ment, compound transgenic mice that
express human SOD1 and APP were cre-
ated115. Working memory and long-term
memory are severely impaired in these dou-
ble transgenic mice; they have defects in APP
processing, lipofuscin accumulation and
mitochondrial anomalies. These findings

subtle. They also reported alteration in the
expression of thousands of genes in the cere-
bella of Ts65Dn mice, indicating global desta-
bilization of transcription. Lyle et al.110 used
quantitative REAL-TIME PCR (RT-PCR) to show
that in Ts65Dn mice, only ~33% of tris-
omic genes were 1.5-fold overexpressed,
probably owing to gene dosage. Kahlem
and colleagues106 used cDNA array analysis
and quantitative RT-PCR and obtained simi-
lar results.Amano et al.111 found that in Ts1Cje
mouse brains, expression levels of most of the
genes in the trisomic region were elevated
~1.5-fold, whereas expression of genes on
other chromosomes was largely unchanged.

Transgenic mice. Several transgenic mice that
express from one or a few genes to entire seg-
ments of HSA21 (YAC transgenic mice) have
been produced. As expected, none of these

similarities between mouse Ts16 and Down
syndrome and synteny between parts of
HSA21 and MMU16, mouse Ts16 was iden-
tified as a potential model for Down syn-
drome93,94. Ts16 mice have many features that
are reminiscent of Down syndrome and have
been used profitably to study aspects of Down
syndrome. However, the model has several
inherent disadvantages. MMU16 has many
genes in addition to those present on HSA21
and also does not contain all the genes on
HSA21. Furthermore, Ts16 mice usually die at
birth, so they are not suitable for many studies
that are relevant to Down syndrome95.

The Ts65Dn mouse. The most robust and
widely used mouse model of Down syn-
drome, the Ts65Dn mouse, was produced by
Muriel Davisson’s group96,97. The Ts65Dn
mouse contains an extra chromosome,
spanning most of the region of MMU16
that is homologous to HSA21, translocated
to a MMU17 centromere. It possesses many
physical, behavioural and neurological 
features that are reminiscent of those seen in
people with Down syndrome, including
CRANIOFACIAL DYSMORPHOGENESIS, age-related
loss of CHOLINERGIC MARKERS in the basal fore-
brain, and notable learning and memory
deficits98–105 (TABLE 1). The trisomic region
extends from Mrp139 to Znf295 and con-
tains roughly 136 genes that are orthologous
to human genes on HSA21 (REF. 106).

Other segmental trisomy mouse models.
Other segmental trisomy mouse models are
available, but are still not as well character-
ized. The Ts1Cje mouse, produced in the
laboratory of Charles Epstein, is a transloca-
tion between mouse chromosomes 12 and 16.
The MMU16 translocation breakpoint is
within Sod1, inactivating this gene. Therefore,
this mouse is trisomic for the segment from
the disrupted Sod1 to Znf295 (REF. 107). Ts1Cje
mice contain ~97 genes with HSA21 ortho-
logues. By judicious breeding of Ts1Cje and
Ts65Dn mice, it is possible to generate mice
that are trisomic for the region between
Mrp139 and the disrupted Sod1, which con-
tains roughly 39 genes108. Comparison of the
phenotypes of these mice is an extremely
active area of research. Already, it is clear that
trisomy of different regions of MMU16 leads
to notable differences in phenotypes104,107,108.

Segmental trisomy mice have been used to
examine changes in the transcriptome owing
to trisomy with mixed results. In a micro-
array analysis of Ts65Dn mouse cerebellum,
Saran et al.109 reported that they could detect
alterations in HSA21 orthologues, as expected,
but that changes in individual genes were

Table 1 | Features in people with Down syndrome and Ts65Dn mice

Feature Down syndrome Ts65Dn

Learning and memory deficits that potentially implicate Yes Yes
abnormal hippocampal function

Learning and memory decline with age Yes Yes

Altered synaptic endocytosis Yes Yes

Degeneration of basal forebrain cholinergic neurons Yes Yes

Decreased TrkA receptors with increasing age Yes Yes

Decreased hippocampal volume Yes Yes

Decreased dendritic spines on cortical pyramidal cells Yes Yes

Hyperactivity Some Yes

Seizures Some Some

Stereotypical (repetitive) behaviours Some Yes

Difficulty in suppressing inappropriate behaviour Some Yes

Pain response Altered Altered

Decreased cerebellar volume Yes Yes

Decreased cerebellar granule cells Yes Yes

Gait abnormalities Yes Yes

Growth and development Slow growth, short Lag in growth
stature and obesity and body weight

Craniofacial dysmorphogenesis Yes Yes

Haematological and/or immunological abnormalities Yes Yes

Male sterility Yes Yes

Pregnancy Ovulation difficulties, Small litters,
shorter reproductive shorter
life reproductive life

Ageing Shorter life Shorter life
expectancy expectancy

Oxidative stress Likely Likely

Upregulation of trisomic gene transcription Yes Yes

Global transcription dysregulation Yes? Yes?

Brain myo-inositol levels Elevated Elevated

Vasoactive intestinal peptide anomalies Yes Yes

Altered plasma amino acids Yes Yes
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The general distribution of the first aneu-
ploid model of Down syndrome (the Ts65Dn
mouse) at reasonable numbers started less
than 10 years ago. Therefore, it is under-
standable that most of the publications on
experiments using these animals have been
phenomenological descriptions of the
behavioural or neurological phenotype
based mostly on standard tests developed
for mutant mice. However, new studies
that are designed to obtain a deeper under-
standing of the neurobiology of mouse
models of Down syndrome are beginning
to be published (see for example, REF. 126).

A particularly elegant set of experiments
that exploit several mouse models of Down
syndrome involved the analysis of early
ENDOSOMAL abnormalities that are associated
with Alzheimer disease102. These abnormali-
ties are considered by some investigators to be
one of the earliest detectable abnormalities
seen in Alzheimer disease and are also seen in
the Ts65Dn mouse. Interestingly, Ts1Cje
mice do not show these abnormalities,
which indicates that one or more of the genes
located in the Ts65Dn trisomic segment but
not in the Ts1Cje segment might be necessary
to produce them. Cataldo et al.102 showed that

are intriguing in light of the increasing evi-
dence for a link between mitochondrial dys-
function, oxidative stress, APP processing
and Down syndrome116.

Other genes that cause phenotypes that
are relevant to Down syndrome when overex-
pressed in transgenic mice include Pfkl117,
Dyrk1a118, Sim2 (REF. 119), S100β 120 and Ets2
(REF. 121).

Ideally, transgenic mouse models of Down
syndrome would contain a single extra copy
of the relevant gene and regulatory elements
that are similar enough to wild-type genes
to assure typical spatio-temporal patterns
of expression. These conditions are rarely
achieved. Also, most transgenic mice con-
tain human transgenes, and these might
not be appropriately expressed in mice.
Nonetheless, it is remarkable that these
individual transgenes, and sometimes com-
binations of transgenes, have phenotypes
that are reminiscent of Down syndrome.
Construction of more transgenic mice
seems well justified.

Future research
The ultimate goal of research on Down syn-
drome should be to improve the lives of
people with Down syndrome and their fami-
lies. Much remains to be done to reach this
goal. For the most rapid progress to occur, it
will require the integration of numerous
disciplines, such as cognitive neuroscience,
neurology, psychiatry, mouse and human
genetics, bioinformatics and computer mod-
elling of the regulation of metabolic and/or
signalling pathways. The importance of
quantitatively defining more specific traits
that are associated with Down syndrome

cannot be overemphasized. As has previ-
ously been said122, ‘‘being able to measure
accurately the outcome of an experiment is
half of the battle.’’ Poorly defined pheno-
types will necessarily lead to poorly defined
genotype–phenotype correlations.

In recent years, significant progress has
been made on the precise definition of spe-
cific neuropsychological deficits that are asso-
ciated with Down syndrome. For example,
Pennington and collaborators123 showed that
in people with Down syndrome, hippocam-
pal function seems to be disproportionally
affected in the general context of their cogni-
tive disabilities. Quantitative neuroimaging
studies in children and adults with Down
syndrome have offered morphometrical sup-
port to this idea124,125. Functional imaging
studies and in vivo radioligand binding imag-
ing by POSITRON EMISSION TOMOGRAPHY (PET)
should provide us with key information 
to guide future studies at the molecular and
cellular levels in animal models.

At the molecular level, the various global
approaches to assess the transcriptome and
the proteome offer new opportunities. We are
now able to search for possible alterations in
an unbiased way, and to use these approaches
to assess hypotheses that involve entire bio-
logical systems. An attractive feature of this
approach is that it can detect alterations in the
expression of genes that are not on HSA21 in
Down syndrome. Alterations in entire bio-
logical systems — for example, metabolic
pathways, signalling, proteasome function,
regulation of transcription, energy generation
and mitochondrial function — or some
unrecognized pathway might be found using
these unbiased approaches.
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Box 2 | One-carbon and folate metabolisms

In 1999, a provocative and controversial study was published suggesting that mutations in the
methylenetetrahydrofolate reductase gene (MTHFR) that decrease the activity of the encoded
enzyme might increase the risk of birth of a child with Down syndrome139. Many studies have
been done to confirm or refute this claim, and there remains noteworthy disagreement140.
One-carbon and folate metabolism might be altered in children with Down syndrome141. One
intriguing study suggests that in families in which a neural tube defect had been observed there
was an increase in the risk of a birth with Down syndrome and vice versa142. Given the known
ability of folic acid supplementation before conception to decrease the risk of birth of children
with neural tube defects, this indicates that altered folate metabolism might also have a role in
conception or development of people with Down syndrome.

Most cases of Down syndrome arise from errors in maternal meiosis I, which occurs during
female foetal development. The oocytes remain ‘frozen’ in meiosis I until ovulation143. It could
be proposed that it is the nutritional status of the maternal grandmother that is important,
and that no effect of folate supplementation would be seen until the second generation after
supplementation141. In this regard, two studies suggest that there is a maternal grandmaternal-
age effect in Down syndrome. That is, there is an increased incidence of births of children with
Down syndrome as the maternal (but not paternal) grandmother’s age increases144,145. This
indicates that indeed the environment of the foetal development of the mother might be
important for Down syndrome.

Character 1 Character 2

Gene

Figure 1 | Systems biology or the study of
“complex webs of biochemical processes”.
Nobel Laureate Herman Muller, in a Harvey Lecture
delivered in 1948 (REF. 146), stated that ‘‘The great
majority of characters which a gene affects are not
immediate products of it but are end-results of
complex webs of biochemical processes, in which
a given thread or chain of reactions can,
theoretically, be picked out that has its root in the
gene in question, and leads from the latter to the
character through a considerable series of events
(see Figure 7).’’ The figure he mentions, which is
reproduced here, is similar to many metabolic and
signalling pathway figures seen in today’s scientific
literature. Modified from the Harvey Society
Lecture series
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example, it was impossible to think produc-
tively about the cause of Down syndrome until
the presence and nature of chromosomes was
known. Both the increased developmental
instability and gene dosage hypotheses on
Down syndrome depended on this conceptual
breakthrough. The concept that certain regions
of HSA21 might be particularly important in
Down syndrome — the genotype–phenotype
correlation — required the technical adv-
ances associated with the development of
chromosomal banding methods.

On the other hand, many advances in gene-
tics, especially human genetics, were pio-
neered by studies of HSA21, and the interest
in this chromosome was, and continues to be,
driven by its causal role in Down syndrome.
For example, somatic-cell hybrid mapping,
radiation hybrid mapping, the chromosome-
wide discovery of haplotype blocks, the dis-
covery of the unexpected complexity and size
of the transcriptome, and the concept of syn-
teny of mammalian autosomes, were all pio-
neered by studies of this chromosome. The
first purposeful construction of a segmental
trisomy mouse model of human aneuploidy
— the Ts65Dn mouse — was carried out as a
means to study Down syndrome.

Techniques such as large-DNA insert
cloning and pulsed-field gel electrophoresis
were applied to HSA21 as soon as they were
developed, and often refinements in tech-
niques were discovered during the course of
these experiments. For example, the extensive
nature of the difficulties in using YACs for
building physical maps was largely deter-
mined by the application of this technology to
HSA21.

Some long-lasting incorrect findings were
the result of the technical limitations of their
time. For example, the incorrect ‘‘determina-
tion’’ of the number of human chromosomes
was largely due to technical issues. Therefore,
the incorrect determination of 48 chromo-
somes became entrenched scientific dogma
for more than 30 years. The lesson from this,
which is certainly not new, is that one needs
to be willing to challenge concepts and ‘facts’.
It can take decades not only to correct such
errors, but for some knowledge to become
accepted.

Some guidelines to future research are
already becoming clear from consideration
of the history of research about Down syn-
drome. For example, it seems unlikely that a
Down syndrome critical region exists as
was originally conceived. In a particularly
telling experiment, Olson et al.129 recently
showed that in mice the Down syndrome
critical region is not sufficient and for the
most part not necessary to produce the

that are trisomic for MMU10 and MMU17
(which contain ~22 and ~53 HSA21 gene
orthologues, respectively71) might provide
key information about Down syndrome-
like features that are not present in Ts65Dn
mice (for example, cardiac malformations).
In addition, two laboratories have taken the
direct approach of introducing HSA21 into
mouse embryonic stem cells to produce tran-
schromosomal mice; that is, mice containing
a HSA21 (REFS 127,128).

Conclusions
The history of research about Down syndrome
is inextricably linked, both on a conceptual and
technical basis, with the history of genetics. For

reduction of App from three copies to two
in Ts65Dn mice eliminated the endosomal
anomaly. However, elevated expression of
App alone in transgenic mice does not pro-
duce endosomal anomaly, which shows that
trisomy of App is necessary, but not sufficient,
for the phenotypic expression of endosomal
abnormality.

More aneuploid mouse models of Down
syndrome might prove extremely useful. All
the segmental trisomy mice that currently exist
are trisomic for regions of MMU16. Because
MMU16 does not contain all the genes that are
present on HSA21, mice containing segments
of MMU16 will never represent a complete
model of Down syndrome. Therefore, mice

Glossary

ACROCENTRIC CHROMOSOME 

A chromosome in which the centromere is near to one
end, as in human chromosomes 13–15, 21, 22 and Y.
All mouse chromosomes are acrocentric.

ACUTE MYELOID LEUKAEMIA 

A cancerous overproduction of immature myeloid white
blood cells (blast cells).

ANEUPLOID 

Having an abnormal number of chromosomes that are
not an exact multiple of the haploid number. The
antonym is euploid.

CHOLINERGIC MARKERS

These are biochemical or immunological markers for
cholinergic neurons (presynaptic neurons that produce
acetylcholine). Although it remains controversial, it has
been suggested that loss of function of basal forebrain
cholinergic neurons might be linked to neurodegenerative
changes in the cerebral cortex of individuals with
Alzheimer disease and Down syndrome (the so-called
cholinergic hypothesis).

CpG ISLAND

A genomic region of about one kilobase that has more
than 50% C+G content.

CRANIOFACIAL DYSMORPHOGENESIS 

Abnormal development of the bones of the skull,
including the facial bones.

DIFFERENCE GEL ELECTROPHORESIS 

A technique whereby two or more protein samples are
labelled with different fluorescent dyes so that they can 
be mixed together, co-separated and visualized on a
single 2D gel.

DUODENAL ATRESIA 

A condition in which the duodenum (the first part of the
small bowel) has not developed properly and does not
allow the passage of stomach contents.

ENDOSOME

A vesicle formed by invagination of the plasma
membrane.

FOETAL NUCHAL TRANSLUCENCY 

The appearance on ultrasound examination of
a subcutaneous collection of fluid behind the 
foetal neck.

HAPLOTYPE BLOCKS 

The apparent haplotypic structure of the recombining
portions of the genome, in which sets of consecutive 
co-inherited alleles are separated by short boundaries.
There is debate about the origins of haplotype blocks and
whether the boundaries correspond to recombination
hotspots.

HYPERTHYROIDISM

An abnormality of the thyroid gland in which secretion of
the thyroid hormone is increased and not regulated
properly.

MASS SPECTROMETRY

A technique in which molecules are ionized, the ions are
separated in the gaseous state and the ratio of mass to
charge is determined to derive structural information.
This technique requires only a small amount of sample.

MYELODYSPLASTIC SYNDROME

A condition in which the bone marrow cannot produce
blood cells effectively; many of the blood cells that are
formed are defective, which results in low blood cell
counts.

POSITRON EMISSION TOMOGRAPHY

(PET). Imaging of the emission of positrons from the
brain after a small amount of radioactive isotopes have
been injected into the blood stream to routinely and
quantitatively measure metabolic, biochemical and
functional activity in living tissue.

REAL-TIME PCR

A technique designed to detect and quantify sequence-
specific PCR products as they accumulate in ‘real-time’
during the PCR amplification process.

SYNTENIC REGIONS

A genomic region that is collinear in the order of genes
(or of other DNA sequences) in a chromosomal region of
two species.

TWO-DIMENSIONAL GEL ELECTROPHORESIS 

A gel electrophoresis method in which a protein sample is
separated by isoelectric point in one dimension and by
size in a second, perpendicular dimension.

WHOLE-GENOME ASSOCIATION STUDIES

A set of methods that are used to correlate polymorphisms
in genotype to polymorphisms in phenotype in
populations on a genome-wide scale.
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craniofacial phenotype of Ts65Dn mice.
Still, vital single genes that have a notable
effect on the phenotype, such as App, are
emerging. Given that the gene products
from HSA21 participate in biological sys-
tems that are integrated with proteins
encoded on other chromosomes, the identi-
fication of the systems that affect the pheno-
type will be crucial (see for example, REF. 130).
Such systems might directly involve genes
on HSA21 or other biological pathways
that are perturbed indirectly by trisomy.
This added complexity should be looked on
as an opportunity to expand possible thera-
peutic targets (for example, see BOX 2).
Clearly, this is a ‘systems biology’ approach
to Down syndrome. This approach, although
it is perhaps now more amenable to experi-
mental attack, is a concept that has been
one of the central ideas of genetics for
many years (FIG. 1).

Because of the unprecedented experimen-
tal and theoretical tools that are available
today, it is not unreasonable to speculate that
even the complicated cognitive disabilities
that are associated with Down syndrome
might be amenable to therapeutic interven-
tions designed to help people with Down syn-
drome to maximize their potential. This
might require multiple modes of interven-
tion, which is not a concept unfamiliar to
medicine. The realization of such a vision
would probably have momentous bioethi-
cal implications. As Timothy Reynolds
(Queen’s Hospital, Staffordshire, UK) wrote
recently131 ‘‘The ethics of screening for cys-
tic fibrosis are already being queried
because the CFTR gene has been sequenced
and a possible cure is expected. Who knows
whether the human genome project will
make trisomy 21 a treatable condition? We
can only wait and see.’’
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highly sensitive to avoid missing affected
infants, as well as sufficiently specific to
minimize the need for follow-up of false
positives.

Since 1963, NBS has expanded the list 
of disorders that it screens for by adding dis-
tinct analytical procedures — such as assays
for specific enzymatic activity or proteins —
for detecting each new disease marker. This
analytical approach has limitations because
of the varied performance levels of the
assays, the additional costs of testing for
individual disorders, and the availability of
sufficient amounts of specimens. The recent
introduction of TANDEM MASS SPECTROMETRY

(MS/MS) to NBS now enables multiplexing
procedures for simultaneous identification
of more than 30 additional medical condi-
tions from a single 3.2mm-punch of the
Guthrie card6. However, even this sophisti-
cated technology is limited, as many medical
conditions in current NBS panels, such as
galactosaemia and thyroid disorders, are not
identifiable by MS/MS; they still need to be
individually screened for by analyte-specific
assays (TABLE 1).

If abnormalities are detected at this 
protein-assay stage, known as the ‘first tier’
test, it might be followed up by DNA analy-
sis — the second tier. DNA for PCR amplifi-
cation and detection of mutant alleles can
be derived from bloodspots, and this test is
being increasingly used for second-tier con-
firmation of abnormal results for cystic
fibrosis (CF)7, haemoglobinopathies8 and
ADRENAL HYPERPLASIA9. However, only a handful
of disorders are confirmed in this way, and
usually through analysis of a limited num-
ber of mutations7,10. The use of methods
such as DNA microarrays in the first tier of
NBS might allow for accurate detection of
different missense, nonsense and deletion
mutations in genes for a number of disor-
ders, enabling comprehensive mutation
analysis of selected genes. DNA microarrays
that are currently in use for SNP analysis
(see Affymetrix web site in the Online links
box) could be used to efficiently screen for
many mutations11. There are already exam-
ples of successful uses of microarray SNP
analysis using small, preserved biological
samples such cervico-vaginal Pap smear
swabs12, micro-dissected tumours13,14 and
newborn tissue15. Below we describe the
advantages and the challenges of using DNA
from bloodspot specimens in primary NBS
using DNA chip technology.
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DATABASES
The following terms in this article are linked online to:
Entrez: http://www.ncbi.nih.gov/Entrez/
APP | IFNAR1 | SOD1 | GARS | HPRT | Pfkl | Dyrk1a | Sim2 |
S100β | Ets2
OMIM: http://www.ncbi.nlm.nih.gov/Omim/
Down syndrome | Alzheimer disease | acute myeloid leukaemia 
Access to this interactive links box is free online.
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O P I N I O N

Abstract | Newborn screening (NBS) is a
public-health genetic screening programme
aimed at early detection and treatment of
pre-symptomatic children affected by
specific disorders. It currently involves
protein-based assays and PCR to confirm
abnormal results. We propose that DNA
microarray technology might be an
improvement over protein assays in the first
stage of NBS. This approach has important
advantages, such as multiplex analysis, but
also has disadvantages, which include a
high initial cost and the analysis/storage of
large data sets. Determining the optimal
technology for NBS will require that
technical, public health and ethical
considerations are made for the collection
and extent of analysis of paediatric
genomic data, for privacy and for parental
consent.

Reports in the medical literature of the myr-
iad of applications of DNA microarray, or
‘chip’, technologies are increasingly common,
conveying the power of this technology and
its current and imminent uses in medicine1,2.
Real, even realized, promises for the use of
these technologies in medical research are
accelerating. Perhaps most significantly,
MICROARRAYS are already on the verge of clinical

use, most prominently for treatment stratifi-
cation of certain malignancies3 and for phar-
macogenetic assessment of commonly used
medications (for example, the AmpliChip
CYP450 test; see Online links box).

Newborn screening (NBS) is a public-
health genetic screening programme that 
is aimed at early detection and treatment of
pre-symptomatic children affected by spe-
cific disorders4 (BOX 1). The World Health
Organization defined the principles of NBS
in 1968 (REF. 5) (BOX 2), as recently elaborated
by the UK National Screening Committee
(see Online links box). These disorders are
nearly all autosomal recessive conditions,
with only the few exceptions of CONGENITAL

HYPOTHYROIDISM and infectious diseases. NBS
is routinely performed in the United States,
Australia, the United Kingdom and in most
countries throughout Europe, Asia and
South America. Over its 40-year history in
the United States, NBS has evolved from
screening for phenylketonuria (PKU) to
universal screening by states for (at least) 4
to more than 30 different genetic disorders
(see Online links box and TABLE 1). Assays
for specific analytes are performed on pro-
tein that has been reconstituted from dried
bloodspots on ‘Guthrie’ cards (named after
Robert Guthrie’s innovative use of filter
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