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Down syndrome (DS) is the most common genetic cause of significant intellectual disability in the human population, occurring in roughly
1 in 700 live births. The ultimate cause of DS is trisomy of all or part of
the set of genes located on chromosome 21. How this trisomy leads to
the phenotype of DS is unclear. The completion of the DNA sequencing
and annotation of the long arm of chromosome 21 was a critical step
towards understanding the genetics of the phenotype. However, annotation of the chromosome continues and the functions of many genes on
chromosome 21 remain uncertain. Recent findings about the structure of
the human genome and of chromosome 21, in particular, and studies on
mechanisms of gene regulation indicate that various genetic mechanisms
may be contributors to the phenotype of DS and to the variability of the
phenotype. These include variability of gene expression, the activity of
transcription factors both encoded on chromosome 21 and encoded elsewhere in the genome, copy number polymorphisms, the function of conserved nongenic regions, microRNA activities, RNA editing, and perhaps
DNA methylation. In this manuscript, we describe current knowledge
about these genetic complexities and their likely importance in the context of DS. We identify gaps in current knowledge and suggest priorities
' 2007 Wiley-Liss, Inc.
to fill these gaps.
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THE CHROMOSOMAL ABNORMALITY LEADING
TO DOWN SYNDROME
own syndrome (DS), or Trisomy 21, is the most common genetic cause of significant intellectual disability,
occurring in 1 in 733 live births [Centers for Disease Control and Prevention, 2006]. Trisomy of the entire
chromosome is present in about 95% of cases. In a small fraction of cases, trisomy of part of chromosome 21 (HSA21)
leads to DS.

D

THE PHENOTYPIC VARIABILITY OF DS
Certain aspects of the phenotype appear to occur in
every person with DS, whereas other traits are more highly
variable [Antonarakis et al., 2004]. Even for phenotypes that
occur in every individual, there is variability in expression.
For example, cognitive impairment is ubiquitous but ranges
from mild to moderate. Congenital heart defects, by contrast,
occur in only 40% of those with the disorder, and its severity
also varies. Certain other conditions such as duodenal atresia,
Hirschsprung disease, and acute megakaryocytic leukemia are
' 2007 Wiley -Liss, Inc.

increased in DS compared to the general population. To some
extent this variability reflects the variability seen in the human
population. It is not clear whether the population with DS
shows a wider variability than that seen in the population as a
whole. If the variability is greater, it is not clear whether there
are specific genes, either on HSA21 or elsewhere in the genome that cause this increased variability.
THE GENES ON HSA21 AND THE PHENOTYPE
OF DS
An essential step in understanding how the genes on
HSA21 lead to DS was the publication of the virtually complete DNA sequence of the long arm of HSA21 (21q) and the
annotation of this sequence [Hattori et al., 2000]. Annotation
of HSA21 is an ongoing process. Currently about 430 genes
and gene models have been identified (http://chr21db.cudenver.
edu/). An important point here is that the functions of about
45% of the genes on HSA21 are uncertain [Kahlem, 2006]. In
addition, as discussed later, the sequence of HSA21, and
indeed the entire human genome, has revealed unexpected
complexity in genome structure and in gene regulation that
will have profound implications for understanding genotype/
phenotype relationships. Each of these will be discussed, and
examples based on experiments relevant to HSA21 specifically
will be used to elucidate the significance of these observations.
Two primary hypotheses exist regarding the relationship
of the genes on HSA21 to the phenotype. The first, the gene
dosage hypothesis, is that elevated expression of specific genes
on HSA21 leads to specific aspects of the phenotype [Korenberg et al., 1990]. This hypothesis does not make any predictions regarding how many or which genes on HSA21 may be
involved in any specific aspect of the phenotype, but does predict that specific genes or subsets of genes can be related to
specific aspects of DS. The second hypothesis is the genetic homeostasis hypothesis. This hypothesis states that it is expression
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of extra genes, regardless of their identity or function that leads to phenotypic
alterations [Shapiro, 1983]. Clearly, numerous combinations of these hypotheses
are possible. For example, it could be
that overexpression of a set of genes on
HSA21 could have a direct connection
to some aspects of the phenotype of
DS, while expression of the extra genes
could in itself also disturb normal development. Recent experiments favor a
modified gene dosage hypothesis. Some
genes, for example, the amyloid precursor protein (APP) gene, may indeed
play a significant role in defining the
phenotype of DS [Salehi et al., 2006].
Moreover, some regions of HSA21 may
be relevant for some features of DS
[Ronan et al., 2007]. Experiments with
mouse models of DS show that the
region of HSA21 commonly referred to
as the DS Critical Region (DSCR) may
be necessary, but not sufficient, for
appearance of some phenotypes of DS
[Olson et al., 2004a,b; Olson et al.,
2007].
LEVELS OF GENE EXPRESSION
IN DS
The simplest model for levels of
gene expression in DS would predict
that each gene on chromosome 21
would be expressed at 150% of the levels seen in euploid individuals. A number of investigators have examined this
question both in tissues or cell lines
from individuals with DS and in mice
trisomic for regions of Mmu16 homologous to HSA21. Several methods have
been used, including DNA microarray
analysis, serial analysis of gene expression (SAGE), and, less commonly, qRTPCR or proteomic approaches. These
approaches have the advantage that in
principle large numbers of genes can be
analyzed, but they may lack discriminatory power. In general, the outcomes of
these studies seem to support the hypothesis that many, but not all, HSA21
genes are expressed at the expected
150% of normal, although there are
numerous exceptions, including genes
on HSA21 that are not overexpressed
or overexpressed by more than 150%
and overexpression of genes on other
chromosomes. In some studies, only
overall global chromosome 21 gene
expression could be concluded to be
overexpressed. That is, the set of
HSA21 genes taken together is overexpressed by 150%, but overexpression
of individual genes could not be
assessed in a statistically significant way
[Mao et al., 2003].
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In a some cases, expression levels of
individual HSA21 genes appeared to differ in different tissues and cells [Li et al.,
2006]. In some tissues, HSA21 genes are
overexpressed while in others these same
genes are not be overexpressed. A similar
situation exists in the Ts65Dn mouse
model of DS. In this case, expression of
the trisomic gene GABPA protein is elevated only in brain and skeletal muscle
[O’Leary et al., 2004]. Clearly, an answer
to whether or not each HSA21 gene is
overexpressed, to what extent, in what
tissues, and during what developmental
stage is an exceedingly important information to have when attempting genotype–phenotype correlations.
Variability of Gene Expression as a
Factor in the DS Phenotype
Antonarakis et al. hypothesize that
in any human population there will be

. . . the sequence of
HSA21, and indeed the
entire human genome,
has revealed unexpected
complexity in genome
structure and in gene
regulation that will have
profound implications for
understanding genotype/
phenotype relationships.
variation in the expression levels of
many genes [Antonarakis et al., 2004;
Deutsch et al., 2005]. Further, they
argue that if the variation in expression
in the euploid population of a gene on
HSA21 exceeds the 1.5-fold expression
elevation expected by the gene dosage
hypothesis, then this gene may not be
related to the phenotype or may only
be related to the phenotypes of DS that
are not universally present. However, if
the expression level of a particular
HSA21 gene is tightly regulated in the
euploid population, then a change in
expression of 1.5-fold might be directly
related to the more consistently present
phenotypes of DS, for example, intellectual disability. They present evidence
that variation of expression levels of a
significant fraction of genes on HSA21
is indeed greater than 2-fold in the
euploid population, raising the possibil-
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ity that these genes may not be causal
for the more universally present features
of DS [Deutsch et al., 2005]. Stranger
et al. [2005], using HSA21 (and a
region of chromosome 20) as a representative genomic region, presented evidence for widespread gene expression
variability. Importantly, they also concluded that most of the gene expression
variability is located in the 1 Mb region
proximal to the gene of interest.
MECHANISMS OF
VARIABILITY IN GENE
EXPRESSION
Copy Number Variations
Copy number variations (CNVs)
can be defined as regions of the genome, often several kb or larger, that
vary in copy number from individual to
individual [Iafrate et al., 2004; Sebat
et al., 2004; Hegele, 2007]. Often, these
CNVs contain genes. A recent study
presents evidence that duplication of a
region of HSA21 including the APP
gene can lead to familial Alzheimer’s
disease (AD) in five separate families. In
these families, the duplication ranged
from 0.58 to over 6 Mb [RoveletLecrux et al., 2006]. Importantly, a
detailed phenotypic analysis of the five
families in which this duplication was
observed demonstrated that there was
no clinical evidence of DS (other than
the appearance of AD) [Cabrejo et al.,
2006]. This observation is consistent
with the idea that trisomy of APP may
explain, at least in part, the observation
that persons with DS virtually always
develop the neuropathology associated
with AD, but that trisomy of APP is
not sufficient to cause DS. However,
there are four other genes in the smallest duplicated region reported in these
families, and the level of gene expression was not reported. Thus, the conclusion that APP is the responsible gene
is attractive, but not yet definitively
proven.
A recent report indicates that
duplication of a 4.3 Mb region of
HSA21 containing slightly more than
30 genes causes a DS phenotype in
three family members [Ronan et al.,
2007]. These family members had the
facial gestalt of DS but had mild cognitive disability. Again, however, no measurement of the level of overexpression
of the genes in the duplicated region
was reported. Moreover, two genes
hypothesized to be involved in the phenotype of DS, DSCR1 and DSCAM,
were not included in the duplicated
region. Thus, it appears that duplication
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of this region, while contributing to the
phenotype of DS, is probably not sufficient to cause all the features of DS.
Although these data implicate CNVs as
a reason for variation in gene expression, a recent study estimates that single
nucleotide polymorphisms detect about
84% of gene expression variability while
CNVs capture about 17% [Stranger
et al., 2007]. This is consistent with
comparisons of promoter mutations
between human HSA21 genes and
chimpanzee chromosome 22 (the chimpanzee chromosome homologous to
HSA21) genes, which concluded that
the vast majority of alterations in promoter regions were single nucleotide
changes [Watanabe et al., 2004].
Transcription Factors and
Variability of Expression
There are at least 25 genes on
HSA21 that directly or indirectly regulate gene transcription [Gardiner, 2006].
Many if not most of these function as
parts of multiprotein complexes. Alterations in the relative abundance of members of a protein complex may affect its
activity in ways that are difficult to predict. Moreover, many genes are regulated by sets of transcription factors acting in concert. For example, the
HSA21 gene encoding the reduced folate carrier (RFC), the major protein
responsible for transport of reduced folates, shows marked tissue and developmental specificity of expression and
response to environmental folate levels
[Liu et al., 2005; Payton et al., 2007].
The RFC gene has up to five major 50
untranslated regions [Payton et al.,
2007]. Each of these 50 UTRs appears
to be regulated by a different cassette of
transcription factors [Whetstine and
Matherly, 2001; Payton et al., 2005; Liu
et al., 2006]. So far HSA21 encoded
transcription factors have not been
implicated directly in regulation of
RFC. However, in many cases, genes
on HSA21 modulate (or have been
hypothesized to modulate) transcription
factors that do regulate transcription of
RFC [Whetstine and Matherly, 2001;
Payton et al., 2005; Gardiner, 2006; Liu
et al., 2006]. There are up to 14 RFC
transcripts for which different 50 UTRs
are fused to a common coding sequence. Transfection studies into HeLa
cells of individual 50 UTR RFC constructs demonstrates a range of steadystate reduced folate carrier proteins and
transcripts that seem to be functions of
relative transcript stability and translation efficiency [Payton et al., 2007].

This regulatory system illustrates a
number of key points. It is a concrete
example of the complexity of regulation
of genes on HSA21 both by other genes
on HSA21 and by genes on other chromosomes that interact with these
HSA21 genes. It demonstrates the complexity of regulation at both the transcriptional and posttranscriptional level.
It demonstrates the complex nature of
tissue specificity of gene expression.
Also, there is the important point that

Measurements of gene
expression by assessment
of mRNA levels do not
always correspond to
equivalent alterations in
cognate protein levels.
Moreover, elevations of
protein levels must result
in significant alterations
in metabolic, structural,
or other functional
activities, or they will
not result in phenotypic
alterations. Thus, the
measurements of
alterations along the
continuum from genotype
to phenotype are likely to
be more relevant the
closer they are on this
continuum to the
ultimate phenotypic
consequences.
expression of RFC responds to environmental levels of folate.
An intriguing observation is that
the transcription factor GATA1 may
regulate the A1/A2 RFC promoter [Liu
et al., 2006]. Mutations in this transcription factor are essentially always
found in persons with DS who develop
a transient leukemoid disorder (TMD)
and/or acute megakaryocytic leukemia
(AMKL), a form of leukemia 500-fold
more common in individuals with DS
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than in children without DS. Individuals with AMKL without DS in general
do not have these mutations in GATA1
[Vyas and Crispino, 2007]. Although
GATA1 is not encoded on HSA21, it
does apparently affect expression of the
HSA21 encoded transcription factor
BACH1 [Vyas and Crispino, 2007].
AMKL associated with DS shows
increased sensitivity to chemotherapy,
which may be related to altered transcription of enzymes that metabolize
the drugs cytosine arabinoside and daunorubicin [Muntean et al., 2006]. Thus,
the concept is developing that occurrence of AMKL and/or TMD in persons with DS may require three genetic
events, mutations in GATA1, trisomy of
chromosome 21, and an as yet unidentified third event. Trisomy of HSA21
may give a selective advantage to hematopoietic cells with a GATA1 mutation
[Vyas and Crispino, 2007]. The genetic
mechanism by which this occurs
remains unknown.
Conserved Noncoding Regions
As the essentially complete
genomic sequences of mammals in
addition to humans have become available, genomic sequence comparisons
have revealed the existence of a large
number of conserved non-coding
regions [Dermitzakis et al., 2005]. Conserved noncoding regions (CNCs) are
not repetitive sequences and the vast
majority are not transcribed [Dermitzakis et al., 2005]. HSA21 was the first
chromosome completely analyzed for
CNCs, and 2,262 were identified. Possible functions for CNCs include roles
as cis- or trans-regulatory regions or
elements required for chromatin or
chromosome structure [Dermitzakis
et al., 2004].
POST-TRANSCRIPTIONAL
REGULATION
As the discussion above demonstrates, assessments of transcript levels
are crucial for understanding DS and
other conditions. However, post-transcriptional regulatory mechanisms clearly
play important roles, since transcript levels do not always accurately reflect the
levels of the proteins they encode. Some
unexpected mechanisms of posttranscriptional regulation have been revealed
by functional genomics studies.
MicroRNAs
MicroRNAs (MiRNAs) are endogenous small RNA molecules of about
22 nt derived from larger transcripts
Patterson
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[Bartel, 2004; Kosik and Krichevsky,
2005]. Hundreds of miRNAs have been
identified [Nam et al., 2005]. They
bind to the 30 UTRs of mRNA molecules and can interfere with mRNA
translation or subject mRNA to degradation [Bartel, 2004; Bartel and Chen,
2004; Fahr et al., 2005; Maas et al.,
2006]. An intriguing hypothesis is that
miRNAs serve to dampen translation of
mRNAs rather than have an all or none
effect. In this way, they may be able to
exert more rapid and subtle modifications of protein levels than transcriptional control mechanisms [Bartel and
Chen, 2004; Kosik and Krichevsky,
2005]. At least five putative miRNAs
are encoded by genes on HSA21.
Recent work shows that miRNAs
constitute up to 5% of human genes
[Niwa and Slack, 2007]. Each miRNA
may contribute to the regulation of
expression of hundreds of mRNAs. It
appears that miRNAs may be particularly relevant to regulation of genes in
the nervous system, genes that control
expression of other genes, e.g., transcription factor genes, or genes that control
signaling. There is evidence suggesting
that this mechanism of gene regulation is
relatively rare for genes that are widely
expressed in many cell types, and that
may be essential for cellular survival, for
example, metabolic genes [Cui et al.,
2007; Gaidatzis et al., 2007].
RNA Editing
RNA editing is a process in
which adenosine in RNA is deaminated
to inosine. Inosine acts as guanosine
during mRNA translation, so editing
can result in alterations in protein
sequence. A to I editing has been associated with human disease [Maas et al.,
2006; Pokharel and Beal, 2006]. RNA
editing is apparently important for normal functioning of the nervous system
[Pokharel and Beal, 2006]. The extent
of RNA editing in humans is not
known.
An interesting convergence of
miRNA and RNA editing appears to
be emerging, with the initial example
involving HSA21. RNA editing is carried out by enzymes known as ADARs
(A Deaminases that Act on RNA).
ADAR2 is encoded by a gene on
HSA21. Clearly, ADARs change the
protein coding of mRNAs, but the A
to I editing also changes the base pairing characteristics of RNA. It has been
hypothesized that this editing could alter the binding of a miRNA to its
mRNA target. Kawahara et al. [2007]
examined the consequences of editing
202

of the miR-376 RNA by ADAR2.
They found that one of the genes regulated by miR-376 RNA encodes phosphoribosyl pyrophosphate synthetase 1
(PRPS1), an enzyme catalyzing a ratelimiting step of de novo purine nucleotide synthesis. Mice in which ADAR2
had been silenced by targeted mutagenesis did not appropriately edit miR-376
RNA. PRPS1 gene expression was
elevated by a factor of 2 in a tissue specific manner in ADAR2 null mice
compared to normal control mice. Elevation occurred in brain but not in
liver. The expression of miR-476 RNA
was similar in brain (cortex) and liver,
but editing was detected in wild-type
mouse cortex but not liver. These
investigators extended these studies in a
very important way. Because PRPS1 is
a rate-limiting step for de novo purine
synthesis, increased levels of this enzyme
should increase purine synthesis. Indeed
this was found. Uric acid is a catabolite
of purines. In ADAR2 null mice, urate
levels in cortex were elevated by a factor of 2, whereas in liver, urate levels
were equivalent in wild-type and
ADAR2 null mice.
This experiment allows a number
of very important inferences. It demonstrates a metabolic consequence of a
change in expression of an enzyme,
PRPS1, controlled by editing of a
miRNA. This is a crucial point, since
unless alteration in the level of a protein
results in a metabolic (or other functional) alteration, the protein alteration
may be of no phenotypic consequence.
Another interesting implication of this
experiment is that it demonstrates that
miRNA posttranslational regulation of
gene activity may be a mechanism for
precise regulation of gene activity.
Importantly, persons with DS generally
have urate levels of 150% of those seen
in euploid individuals [Pant et al.,
1968]. If ADAR2 levels are elevated in
persons with DS in a dosage-dependent
manner, one might expect decreased
levels of urate. Clearly, miRNA regulation is of considerable significance, but
it must work in concert with other
mechanisms of regulation of the end
consequences of trisomy.
DNA METHYLATION
DNA methylation is strictly
speaking an epigenetic change, not a
genetic change. However, it clearly
plays a role in gene expression, and
genes on HSA21 play a role in the phenomenon. Moreover, DNA methylation
is critical for meiosis, and recent experiments suggest that it may play a major
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role in memory formation, so a brief
discussion is included here.
Methylation of the 50 position of
cytosines located in cytosine-guanosine
dinucleotides resulting in m5C is the
primary, if not the only, modification of
mammalian DNA [Turek-Plewa and
Jagodzinksi, 2005]. Generally, DNA
methylation is thought to play a role in
long-term silencing of gene expression,
and to be critical for mammalian development [Turek-Plewa and Jagodzinksi
2005; Shames et al., 2007]. In some
cases, tissue-specific DNA methylation
may be important for tissue specificity
of gene expression in mice [Song et al.,
2005]. In cancer, global genome hypomethylation is often observed coupled
with hypermethylation of specific genes,
for example, tumor suppressor genes
[Shames et al., 2007]. It has been
hypothesized that altered dietary folates
can affect DNA methylation, and correlations have been drawn between folate
deficiency and increased risk for many
types of cancer [Kim, 2005]. As discussed earlier, the gene encoding the
reduced folate carrier, considered the
primary protein responsible for cellular
internalization of folates, is located on
HSA21 [Moscow et al., 1995]. Thus,
one could hypothesize that elevated levels of the reduced folate carrier protein
might enhance cellular uptake of folates
mitigating the effects of low folate,
including the effects of low folate on
DNA methylation. This might be
related to the observed low incidence
of solid tumors in individuals with DS
[Patja et al., 2006]. Recently, demethylation of methylated miRNA resulting
in its activation has been observed in
cancer cells [Lujambio et al., 2007].
This finding implies a link between regulation of gene expression by DNA
methylation and miRNA.
DNA methylation is carried out
by a family of DNA methyltransferase
(DNMT) enzymes. A member of this
gene family, DNMT3L, is located on
HSA21 [Aapola et al., 2000]. The
DNMT3L protein has significant
homology to the DNMT3 DNA methyltransferases, but no known DNA
methyltransferase activity of its own.
However, it interacts directly with
DNMT3A. DNMT3L knockout mice
are viable, but sterile. Study of these
mice has shown that DNMT3L is
required for establishment of maternal
imprints during oogenesis. Moreover, it
is necessary for normal spermatogenesis
[Hata et al., 2006]. It is difficult to
extrapolate from knockout mice to the
possible effects of trisomy of the
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DNMT3L gene in persons with DS.
However, one could speculate that
overexpression of this gene might alter
meiotic DNA methylation and be
related to aberrant chromosomal segregation and also to the male sterility seen
in men with DS.
In a very provocative publication
Miller and Sweatt [2007] present evidence that DNA methylation and demethylation dynamically regulate memory formation. These investigators
demonstrate that fear conditioning is
associated with upregulation of expression of DNMT3A and DNMT3B
[Miller and Sweatt, 2007]. They present
evidence that chemical inhibition of
DNMT activity blocks contextual fear
conditioning in mice and that contextual fear conditioning is associated with
methylation and silencing of the memory suppressor gene protein phosphatase
1 (PP1) and with DNA demethylation
and transcription of the memory promoting gene REELIN in the mouse
hippocampus, a region of the brain
affected in DS and required for this task
in mice. Apparently, dynamic DNA
methylation changes occur in the hippocampus of mice during training for
fear conditioning. These results require
that DNA methylation be a dynamic
process, at least in the mouse hippocampus during memory formation [Miller
and Sweatt, 2007]. If these observations
are confirmed and extended, they will
require a re-evaluation of DNA methylation as a relatively stable phenomenon
and also will implicate DNA methylation/demethylation in memory formation, a process compromised in persons
with DS. It is interesting to speculate
that the DNMT3L protein, which interacts with DNMT3A, might be involved
in this process.
INTERACTIONS BETWEEN
GENES
Overexpression
of
individual
genes cannot be considered in isolation
when one considers phenotype–genotype correlations. Thus, recent evidence
demonstrates that trisomy of two or
more genes acts synergistically to affect
phenotype. A well-developed example
of this type of synergy is the accumulating evidence that elevated expression of
the DYRK1A and DSCR1 genes on
HSA21 act synergistically to prevent the
nuclear localization of the NFATc transcription factor [Arron et al., 2006].
Thus, trisomy of either of these genes
individually may not be sufficient to
cause this dysregulation, but trisomy of
both is sufficient to cause dysregulation

of this developmentally significant pathway.
MOUSE MODELS
The Rationale for Various Types of
Mouse Models
The rationale for the use of
mouse models to study the etiology of
DS has been discussed at length recently
[e.g., Patterson and Costa, 2005], and
the reader is referred to the manuscripts
by Drs. Mobley and Reeves in this issue
for a discussion of these. It is worth
stressing some points here. The intrinsic
value of mouse models is that mice genetically and biochemically are quite
similar to humans. This is important
when one is attempting to determine
the genetics and biochemistry of any

Overexpression of
individual genes cannot
be considered in isolation
when one considers
phenotype–genotype
correlations. Thus, recent
evidence demonstrates
that trisomy of two or
more genes may act
synergistically to affect
phenotype.

human disease. It is relatively easy to
manipulate the mouse genome in precise ways. Moreover, extensively validated tests of learning and memory in
mice exist [Crawley, 2007]. Thus, it is
possible to study these phenotypes in
mice. Moreover, many experiments
cannot be done in humans or in simpler
systems like tissue culture.
Even for homologous genes, it
may be that the functions of those
genes are not quite the same in mice
and humans, or that their regulation
will be different in the two species. An
example is folate/one-carbon/trans-sulfuration. It now appears that the tissue
specificity of expression of critical genes
in this biological system is different in
mice and in humans [Whetstine et al.,
2002; Liu et al., 2005; Butler et al.,
2006]. This may imply that these path-
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ways serve slightly different functions in
humans and in mice. Another example
is the purine metabolic pathway. In this
case, the end products of purine catabolism are different. Humans accumulate
uric acid as the end product of this
pathway, whereas mice metabolize urate
further. Individuals with DS have elevated urate levels of essentially 150%
[Pant et al., 1968]. This suggests that a
gene dosage effect may be responsible.
In particular, a gene encoding an
enzyme carrying out three steps of de
novo purine synthesis, GART (phosphoribosylglycineamide transformylase), is on
HSA21, and trisomy of this gene has
been hypothesized to be responsible for
urate over accumulation in people with
DS [Brodsky et al., 1997]. However,
other genes on HSA21 may play a role
here, for example, ADAR2, as discussed
earlier. Therefore, results from studying
the mice must eventually be validated
for relevance to humans.
FUTURE DIRECTIONS
Defining the Function of All Genes
on Chromosome 21
Although the genetic basis for the
phenotype of DS is complex, the fact
remains that a critical step is the identification of the function of the proteins
encoded by all the genes on HSA21.
One approach which should be pursued
vigorously is the production of mice in
which the genes of unknown function
are disrupted by targeted mutagenesis,
so called knockout mice. In fact, there
are world-wide efforts underway to
produce knockout mice for all mouse
genes and to produce a library of mouse
embryonic stem cells in which each
mouse gene has been knocked out so
that individual investigators can produce
knockout mice in genes of interest
[Austin et al., 2004; Nord et al., 2006].
These efforts should be encouraged to
consider genes on HSA21 as a high priority.
The production of additional
transgenic mice may help in this regard,
but, as many investigators have pointed
out, mice transgenic for individual
genes may not accurately reflect the
effects of trisomy of these genes in the
context of trisomy of many other genes.
Some investigators have suggested the
production of mice transgenic for all
members of a suspected biological pathway as an alternative to single gene
transgenics, or at least production of
transgenic animals that are transgenic
for all of the genes of a particular
pathway that are located on HSA21
Patterson
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[Gardiner, 2006; Gardiner and Costa,
2006]. In fact, even identification of
which metabolic/biological pathways
particular proteins participate in is a
challenge. Thus, studies underway to
determine protein–protein interactions
(the interactome) must be continued
and intensified [e.g., Lage et al.,
2007].The choice of what type of transgenic mouse is most informative is not
yet settled and at least to some extent
depends on the experimental goals. For
example, an issue that needs to be considered is whether or not it is more
appropriate to produce a mouse trisomic for a mouse gene or into which an
extra copy of the human gene has been
inserted. Another consideration is
whether the gene should be under the
control of its endogenous control elements. This is likely to be the most relevant to DS, but it may be difficult to
discern an effect of the transgene.
Mice trisomic for segments of the
mouse genome homologous to segments of human HSA21 have been
exceedingly useful both in elucidating
specific phenotypes and in testing fundamental genetic hypotheses about DS,
for example, the function of the socalled DSCR. These studies must continue and expand. In particular, mice
trisomic for chromosomes homologous
to regions of HSA21 not present in
existing mouse models need to be produced. Efforts are underway in this
regard, and success in producing mice
trisomic for the HSA21 syntenic region
on mouse chromosome 16 has recently
been reported [Li et al., 2007]. These
mice have cardiovascular and gastrointestinal abnormalities similar to those
seen in individuals with DS and not
seen in other mouse models of DS.
Construction of mice syntenic for the
mouse chromosome 10 and 17 regions
is urgently needed.
After years of intense effort, a
mouse strain that is trisomic for almost
all of human HSA21 has been produced
[O’Doherty et al., 2005]. So far, the
mice reported in the literature are all
chimeric. Thus, two problems need to
be addressed for these mice to be optimally useful, the chimerism and the
missing segment of HSA21. It is not
clear whether trisomy of this region of
HSA21 is incompatible with viability or
whether a nonchimeric mouse would
be viable. Comparison of these mice
with mice trisomic for the homologous
regions of mouse chromosomes should
be undertaken. Such studies will be important to determine which mouse
models are best suited for any particular
204

experimental goal and will aid in the
interpretation of results.
Determination of Which HSA21
Genes are Overexpressed, to What
Extent, and in Which Tissues and
Developmental Stages
Once the functions of HSA21
genes are defined, obtaining information about the level, tissue specificity,
and developmental specificity of expression of these genes is essential. Studies
are urgently needed to obtain this information. The technology to obtain this
information exists, but it is often expensive, and difficult to accomplish in
humans because of the lack of availability of appropriate tissue samples. Development of cell and tissue banks from
individuals with DS and their families
would aid this and many other studies
of DS immensely.
Gene Expression Variability
The true extent of gene expression variability has not yet been determined, although available evidence suggests that it is quite significant. The fact
that such significant variability in gene
expression can be observed in the
euploid human population demonstrates
the complexity of drawing conclusions
based on overexpression of trisomic
genes. Also, the issue of the relevance
of measurements of variability of gene
expression needs to be carefully assessed
for each gene. For example, a gene
reported to have very high (perhaps 40fold) variability in expression from individual to individual, APP, has also been
strongly implicated in DS [Deutsch
et al., 2005; Rovelet-Lecrux et al.,
2006; Salehi et al., 2006]. Clearly, the
overall extent of gene expression variability needs to be ascertained.
Definition of the True Extent
and Significance of CNVs, CNCs,
and Other Alterations in Genome
Structure, for Example,
Methylation
The functional significance of the
unexpected variation in genome structure and the significance of conserved
noncoding regions must be assessed to
fully understand how the DS phenotype
arises [Antonarakis and Epstein, 2006].
Moreover, it would seem that studies
reporting phenotypic effects of copy
number duplications or deletions should
report also on whether alterations in
gene expression of the duplicated or
deleted genes occur. This problem is,
of course, not unique to HSA21. The
Encyclopedia of DNA Elements
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(ENCODE) Project is designed to
identify all functional DNA elements of
the human genome [ENCODE Project
Consortium, 2004; Thomas et al.,
2006]. A pilot phase involves the analysis of 1% of the human genome. About
2.2 Mb of the initial target DNA is
located on HSA21 [Antonarakis and
Epstein, 2006]. This project should provide key information regarding the significance of various structural and
sequence variations in the DNA of
HSA21. This pilot study is already
completed [Giardine et al., 2007].
The possible role of DNA methylation as a dynamic process that influences memory formation in ways possibly relevant to DS needs to be
explored. Fortunately, methods are
being developed to assess DNA methylation on a genome-wide basis, and
some of these are being applied to analysis of HSA21 [Yamada et al., 2004;
Schumacher et al., 2006].
Tissue and Developmental
Stage Variability
Many genes are apparently
expressed in elevated levels and essentially according to gene dosage in DS
and in mouse models of trisomy. However, tissue specificity and temporal specificity of altered expression has been
observed [O’Leary et al., 2004; Rachidi
et al., 2005; Butler et al., 2006; Li et al.,
2006]. The relevance of this specificity
has been discussed eloquently in recent
reviews [Antonarakis and Epstein, 2006;
Roper and Reeves, 2006]. The extent of
this specificity needs to be determined.
Fortunately, efforts are underway in this
regard [Gitton et al., 2002; Reymond
et al., 2002]. It may be that overexpression of the same gene can have different
consequences at different developmental
stages, and that during some developmental stages overexpression of a particular gene may cause developmental
abnormalities while overexpression of
that same gene at a different developmental stage may compensate for developmental anomalies associated with DS
[Head et al., 2007]. In some cases, overexpression of a gene may be limited to a
particular developmental stage and to
particular cell types during this developmental stage yet still have life-long
effects on the phenotype. On the other
hand, there may be genes whose continued overexpression may be required to
maintain their effect on phenotype.
Clearly, these patterns of gene overexpression have profound consequences
for rational design of therapies based
on gene function. Additional levels of
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specificity may also be important, for
example, subcellular localization of protein expression. Information of this type
should be extremely useful in understanding protein function and interactions, and elegant studies have been initiated to obtain this information [Hu
et al., 2006].
The Genome–Transcriptome–
Proteome–Interactome–
Metabolome–Phenome Continuum
It is becoming well recognized
that increased gene expression as measured by transcript levels does not always
accurately predict increased levels of
protein for corresponding transcripts.
Perhaps equally problematic is that
increased levels of particular proteins
may not have the expected, or even
any, phenotypic consequences. As discussed earlier, proteins that interact with
other proteins, when elevated, may or
may not have consequences for the
interacting proteins, and thus may or
may not have functional consequences.
A less well-recognized but important
complexity is that many enzymes are
highly regulated, for example, by endproduct inhibition, phosphorylation,
stability, and other mechanisms. Thus,
simple detection of an elevated level of
an enzyme protein may not accurately
reflect increased cognate enzyme activity and certainly may not accurately
reflect altered metabolism. Metabolic
flux analysis may be of use to assess the
relevance of any alterations in enzyme
activity levels [Cornish-Bowden and
Cardenas, 2000]. This may be especially
a problem when human proteins are
expressed in transgenic mice [Spiegel,
2007; Patterson, unpublished results].
These considerations give strong
impetus to metabolomic studies of transgenic and trisomic mice and where possible individuals with DS. Metabolomics
is a relatively new endeavor but solidly
based on decades of biochemistry.
Nonetheless, new methodologies are
required to carry out the detailed analyses required. Here, two complementary
but different approaches to metabolomic
analysis need to be undertaken. One is
an undirected approach in which
changes in the metabolome of individuals are assessed globally without preconceived hypotheses regarding what metabolic pathways might be involved. This
approach is beginning to show promise
with other human disorders and should
be applied to DS [Kaddurah-Daouk
et al., 2004; Rozen et al., 2005]. On the
other hand, compelling hypotheses
about the possible role of particular met-

abolic pathways can be tested by metabolomic approaches [Bagley and Selhub,
2000]. A combination of introduction of
specific mutations into the genome of
mice coupled with metabolomic analysis
of the effects of the mutations may yield
unexpected results and presents an important opportunity. Again, it is important to remember that alterations in
metabolites may or may not have phenotypic consequences. This could be
because increases or decreases of a particular metabolite may truly have no
phenotypic consequence or because we
are currently unable to discern the phenotypic consequence.
Enhanced bioinformatics approaches
are likely to be required to integrate the
results obtained from the studies described earlier and additional studies
that are likely to emerge.
Ultimately, the goals of all these
efforts should be to develop knowledge
necessary to design therapies to ameliorate the abnormalities caused by trisomy
of human chromosome 21. Fortunately,
the methods are available or under development to achieve immense progress
to understand the various genetic factors
that influence the variable phenotypes
seen in individuals with DS. This information will need to be integrated fully
with the other aspects of the research
agenda discussed in this volume. n
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