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Combinatorial Gene Effects on the Neural
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1. Introduction

Down syndrome (DS) arises from triplication of genes on chromosome 21 (HSA21) and is
characterized by neurological complications including cognitive dysfunction, epilepsy, and
early onset Alzheimer’s disease (AD). At the histological and cellular level, DS brains show
prolongation in the cell cycle length of neural progenitors, increased oxidative stress, and
mitochondrial dysfunction. These pathological processes likely contribute to the observed
decrease in neurogenesis, increased neuronal cell death, enhanced gliosis in the cortex, and a
corresponding decrease in both neuronal glutamatergic and GABAergic expression.

With recent advances in molecular biology and human genetics, many HSA21 genes have
been identified, putative functions assigned to these genes and network analyses used to
predict interconnecting, functional gene pathways. Interactions at this level are further
complicated by gene regulatory mechanisms such as DNA methylation, histone acetylation
and microRNA. In this respect, the neurological phenotypes seen in DS are not merely due
to genomic imbalance from triplication of HSA21 genes, but also additive effects due to
influences on associated genes within a given network or pathway and modification of gene
expression due to epigenetic factors.

The development of stem cell technologies has provided the opportunity to isolate human
neural progenitors (HNPs) and induced pluripotent stem cells (iPS) from patients with
known neurological disorders. These reagents are also used as tools to study molecular
mechanisms and pharmacological therapies in various human diseases. They provide a
means by which an understanding is established for interactions between various genes
causal for a human disorder, especially in contiguous gene syndromes that are difficult to
faithfully replicate in animal models. We have focused on the study of DS HNPs in relation
to neurological phenotypes in the early onset of DS in these individuals.

In the current review, we summarize the approaches taken, recent progress and insights
gained from studies of DS during neural development, incorporating insights gained from
the use of human DS neural progenitors.

2. Down syndrome phenotype and genotype during neurodevelopment

The most prominent neurological phenotypes in DS include mental retardation (MR),
epilepsy, and dementia (early onset AD). Individuals with DS generally have mild to
moderate MR with average intelligence quotient (IQ) among children at 50, as compared

www.intechopen.com



38 Genetics and Etiology of Down Syndrome

with normal children at an IQ of 100. Children with DS generally exhibit better visual motor
skills (such as drawing) than auditory and linguistic skills, which typically lead to a delay in
language skill development. MR can also be accompanied by behavioural issues such as
attention-deficit disorder (sometimes with hyperactivity) and autistic behaviour, especially
in those with severe intellectual disability. The onset of seizures tends to occur in a bimodal
distribution. At early ages, individuals with DS are susceptible to infantile spasms and tonic
clonic seizures with myoclonus. These epilepsies are associated with MR and likely due to
early impairments in brain development. Individuals with DS in the third decade of life are
more prone to developing simple partial or complex partial seizures in addition to tonic-
clonic seizures. These focal epilepsies are likely associated with the increasing burden of
parenchymal damage sustained from the progressive neuronal degeneration. It is estimated
that 46% of Down's patients over the age of 50 have a diagnosis of epilepsy. Finally, AD is
generally considered a neurodegenerative disorder that affects the elderly at 60 years of age
and over. Premature AD is seen in DS in the early 40s (Arya et al., 2011; Contestabile et al.,
2010; Lott and Dierssen, 2010; Menendez, 2005)

The clinical phenotypes in DS correlate with functional changes seen at the histological and
cellular levels in DS brain. DS cortex shows increased simplified gyral patterning and
delayed myelination (Banik et al., 1975; Cragg, 1975; Koo et al., 1992; Wisniewski, 1990;
Wisniewski and Schmidt-Sidor, 1989). Neuronal loss has been seen in DS brain both during
development, following differentiation and aging (Becker et al., 1991; Benda, 1947; Colon,
1972; Davidoff, 1928; Golden and Hyman, 1994; Guidi et al., 2008; Ross et al., 1984;
Wisniewski et al., 1984). Histological evidence of neurofibrillary plaques and tangles can be
seen in the DS brain, consistent with the premature onset of AD (Motte and Williams, 1989).
Changes in dendritic branching as well as neurotransmitter levels have also been reported
in the DS brain tissue and likely correlate with the behavioural and cognitive difficulties
seen in these individuals (Reynolds and Warner, 1988; Ross et al., 1984). At the cellular level,
DS progenitors have prolonged cell cycle lengths, thereby impairing neurogenesis
(Chakrabarti et al., 2007; Contestabile et al., 2007; Guidi et al., 2008). Neuronal numbers
further decline presumably through increased levels of reactive oxygen species (ROS),
mitochondrial dysfunction and increased cell death in mature neurons (Busciglio et al., 2002;
Guidi et al., 2008; Seidl et al., 2001). Following differentiation, neurons also show an
imbalance of excitatory-inhibitory neurotransmission (Bhattacharyya et al., 2009), with
reduced dendritic branching and spine density (Benavides-Piccione et al., 2004). Overall,
these changes could all contribute to the MR, epilepsy and AD phenotypes seen in DS.
Various neurological features in DS have been attributed to over-expression of individual
genes on HSA21, and several of these genes might contribute to a final common pathway. For
example, APP has been shown to promote neuronal degeneration and oxidative stress. Similar
functions have been implicated in other HSA21 genes including BACH1, SOD1, and S100B,
raising a possible role in AD. Other HSA21 genes (TIAM1, SYN]J1, ITSN1, DSCR1) have been
associated with synaptic dysfunction (suggestive of a pathological role in MR and epilepsy).
Individual HSA21 genes with proposed neurological functions are summarized in Table 1.

3. Identification of genes and pathways responsible for AD or MR

Although HSAZ?21 is a relatively small chromosome and single candidate genes have been
shown to mimic certain DS features, the combinatorial effects of contiguous genes on
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HSA21 |Downstream |Endophenotype Exophenotype |Ref
genes targets
NRIP1 Inhibit estrogen and (Cavailles et al., 1995;
glucocorticoid receptors Gardiner and Costa,
2006; Subramaniam et
al., 1999; Teyssier et al.,
2003)
APP Ptch1/smo Abeta deposition, Dementia, (Abramov et al., 2004;
Tau astocytosis, microgliosis, [learningand  |Arancio et al., 2004;
RAGE neuronal loss, memory Harris-Cerruti et al.,
Tau hyperphosphorylation deficits 2004; Howlett and
IL6/gp130 Tau, decreased Richardson, 2009;
Notch proliferation, increased cell Korbel et al., 2009;
MAP kinases |death, mitochondrial Eleﬁ 2: Zi" ;8}(1)' Mori
dysfunction et al., 2010; Prasher et
al., 1998; Rovelet-
Lecrux et al., 2006;
Takuma et al., 2009;
Trazzi et al.)
BACH1 Increase ROS (Ferrando-Miguel et al.,
2003; Shim et al., 2003)
TIAM1 RAC, NMDAR |Altered neurite formation, (Matsuo et al., 2002;
EphBR abnormal dendrite spines Siddiqui et al., 2008;
Tolias et al., 2005;
Tolias et al., 2007)
SOD1 APP Increase ROS, Learning and  |(Furuta et al., 1995;
mitochondrial dysfunction [memory Harris-Cerruti et al.,
deficits 2004; Iannello et al.,
1999; Lott et al., 2006)
SYNJ1 PtdIns(4,5)P(2) |Synaptic dysfunction, Learning and  |(Arai et al., 2002;
abnormal vesicle memory Chang and Min, 2009;
trafficking deficits Herrera et al., 2009;
Astrogliagenesis Voronov et al., 2008)
Olig2 S100B Increased inhibitory (Chakrabarti et al.;
neurons Chen et al., 2008; Lu et
Increased g]iosis al., 2002; Tatsumi et al.,
Decreased IPSC 2008; Zhou and
Anderson, 2002)
Oligl Increased inhibitory (Chakrabarti et al.;
neurons Zhou and Anderson,
Decreased IPSC 2002)
ITSN1 Synaptic dysfunction, (Chang and Min, 2009;
abnormal vesicle Keating et al., 2006; Yu
trafficking et al., 2008)
DSCR1  [NFAT Synaptic dysfunction; (Arron et al., 2006;
Calc‘ineurin ’?r arflf(;?lgilgtn'fgg:ase d Char_lg and Min, 2005;
Tollip neuronal susceptibility to Keating et al., 2008; Lee
ILR1 oxidativp stress, neuropal et al., 2009; Porta et al.,
Caspase9/3 3};2 Jﬁit?é)?ltoczhondnal 2007; Sun et al.)

www.intechopen.com




40

Genetics and Etiology of Down Syndrome

HSA21 |Downstream |Endophenotype Exophenotype |Ref

genes targets

SIM2 Drebrin Learning and  |(Chrast et al., 2000;

memory Ema et al., 1999;
impairment, Vialard et al., 2000)
reduced
exploratory
behavior and
social
interactions,
increased
tolerance to
pain
DYRK1A |NRSF/REST dneuroectodermal Learning and  |(Altafaj et al., 2001;
Calcineurin progenitor, less neuron memory Arron et al., 2006;
CREB with abnormal branched  |deficits, motor |Canzonetta et al., 2008;
NFAT neurites, LTP deficits, defects Fernandez—Martinez et
Tau hyperphosphorylation Tau al., 2009; G‘uunera et
Notch and APP, premature ai" ;ggg’ 81Dohei'tyl et
. . al., ; Olson et al.,
251313 neuronal differentiation 2004b; Park et al, 2010;
Park et al., 2007; Ryoo
et al., 2007; Sago et al.,
1998; Siarey et al., 2005;
Smith et al., 1997;
Woods et al., 2001;
Yabut et al., 2010; Yang
et al., 2001)
KCNJ6  |GABAB Imbalance of excitatory- (Best et al., 2007;
(GIRK?2) inhibitory neuronal Cramer et al., 2010;
transmission Harashima et al., 2006)
ETS2 APP Increased neuronal (Helguera et al., 2005;
apoptosis, increased APP Wolvetang et al., 2003a;
production, mitochondrial Wolvetang et al.,
dysfunction 2003b)

PCP4 Calmodulin (Kleerekoper and
Putkey, 2009; Thomas
et al., 2003; Utal et al.,
1998)

DSCAM Overexpression in Purkinje (Hattori et al., 2007;

cells, cortical neurons and Saito et al., 2000;
senile plaques Yamakawa et al., 1998)

PKNOX1 |FABP7 (Sanchez-Font et al.,
2003)

DNMT3L | DNMT3A/3B |Transcription repression (Deplus et al., 2002;

HDAC Holz-Schietinger and
Reich, 2010)
SUMQO3 |APP Inhibit glucocorticoid (Dorval et al., 2007;
NRIP1 receptors Gardiner, 2006;
ELK Holmstrom et al., 2003)
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HSA21 |Downstream |Endophenotype Exophenotype |Ref

genes targets

S100B RAGE Increased ROS, Premature (Esposito et al., 2008a;
AQP4 mitochondrial dysfunction [neurological Esposito et al., 2008b;
JNK and cell death, GSK38 and |aging Gilquin et al., 2010; Lin
GSK312 Tau et al., 2001; Mori et al.,
Tau hyperphosphorylation, 2010; Reeves et al.,
P53 astrocytosis and neurite 1994)
ATAD3A proliferation

Table 1. HSA21 genes implicated in neurodevelopment

particular DS phenotypes are not known. Several approaches have been used to ascertain
HSA21 genotype phenotype contributions: analyses of gene clusters based on their physical
linkage, common function/ interactions and/or temporal-spatial distribution of expression.

3.1 Structure-based clusters

Genes that are physically linked based on their location within the same region are usually
active together and often contribute to the same phenotype. Based on these structure-based
clusters, comparison of full trisomy 21 and partial trisomy 21 genotypes provide some
insight between contiguous genes and DS phenotypes. One such region includes APP,
which is positioned between 27.25 to 27.54Mb on the long arm of HSA21. Five families with
various segmental trisomies that range from 0.58 to 6.37Mb in length and contain APP were
all shown to have abundant parenchymal and vascular deposits of beta amyloid without
MR on brain autopsy, strongly linking APP to AD (Rovelet-Lecrux et al., 2006).

chir2l (pl3-922.3) Rl

scalechr21| 5Mb| 10Mb| 15Mb| 20Mb| 25Mb| 30Mb| 35Mb| 40Mb| 45Mb| |

0 Mb
10 Mo} :
APP

Fig. 1. APP is positioned between 27.25 to 27.54Mb on the long arm of HSA21.

48 Mb

Furthermore, a DS patient with duplication of the distal last 12Mb of HSA21 (a fragment
that does not include APP) did not develop typical AD pathology (Prasher et al., 1998).
Recently, Korbel et al. analyzed 30 patients carrying rare segmental trisomies of various
regions of HSA21 and identified discrete regions between 1.8-16.3Mb in length that were
likely to be involved in 8 DS CNS and non-CNS phenotypes including MR and AD (Korbel
et al., 2009). They described a patient with a duplication of 18.8 Mb (28.12-telo) without APP,
who did not have dementia and had no amyloid accumulation by fMRI. Conversely, several
patients with segmental trisomies containing APP did show AD characteristics in the
absence of severe MR, which supports the involvement of APP in AD but not MR. These
authors were able to narrow down a 1.95Mb interval including APP responsible for the AD
phenotype, that excludes genes located distal to 28.12 Mb on HSA21q, including BACH1
and SOD1. These genes were previously suggested to play important roles in the
development of AD and MR in DS (Ferrando-Miguel et al., 2003; Lott et al., 2006).
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Collectively, these studies conclude a small-segment containing APP as the basis for AD
phenotype, with multiple focal regions contributing to MR.

Through segmental trisomy analyses, the primary features of DS have previously been
ascribed to the Down syndrome critical region (DSCR). This interval spans about 5Mb around
21q22.12-q22.2 and contains about 33 conserved genes, including DSCR1 (35.88-35.99 Mb),
SIM2 (38.07-38.13 Mb), DYRK1A (38.74-38.89), KCNJ6 (38.99-39.29Mb), ETS2 (40.18-40.2Mb),
PCP4 (41.24-41.3Mb) and DSCAM (41.38-42.22Mb). The contiguous genes are thought to be
sufficient to replicate the DS features including craniofacial abnormalities, short stature, joint
hyperlaxity, hypotonia and mental retardation (Delabar et al., 1993; Korenberg, 1990;
Korenberg, 1993; McCormick et al., 1989; Olson et al., 2004a; Rahmani et al., 1989). Further
studies suggest that DSCR1 and DYRA1A cooperatively destabilize NFATC and induce DS
features (Arron et al., 2006; de la Luna and Estivill, 2006). However, several genotype-
phenotype correlation studies argue against this hypothesis, given that other patients with
partial trisomy 21 that do not include DSCR1, DSCAM or genes within the DSCR have severe
DS features including MR (Korbel et al., 2009; Lyle et al., 2009; Ronan et al., 2007).

3.2 Function-based clusters

Microarray expression profiling and sequencing of the human genome have allowed for
data analyses and interconnection of functional pathways responsible for various human
disorders. By comparing differentially expressed genes between normal and pathological
samples, function-based clusters can be generated and attributed to certain disease
pathways. We have used this approach in the study of DS human neural progenitors
(HNPs) at 18 weeks gestation age (Esposito et al., 2008a). Through pairwise comparison of
mRNA expression levels for approximately 54,000 probes in the HU133 plus 2.0 Affymetrix
microarray, we observed that some 1900 transcripts (3.8%) were significantly different
between WT and DS samples, and that these transcripts were distributed across every
chromosome - not just HSA21. Moreover, of these 1900 transcripts, only 330 transcripts
(0.07%) were at least 1.5 to 2 fold in excess/ deficit on pairwise comparison. These transcripts
could then be grouped into specific functional networks, including gene clusters involved in
cell cycle (proliferation), cell compromise (cell death, oxidative stress), cell signalling (stress
kinases) and cell function and maintenance (differentiation and survival). For example,
HSA21 genes such as S100B and amyloid precursor protein (APP) were constitutively over-
expressed in DS HNPs along with various stress related kinases and the water channel
aquaporin 4 (AQP4). These dysregulated genes comprised a cell signaling functional cluster,
whereby HSA21 associated S100B and APP led to increased ROS formation, activation of
stress response kinases, and compensatory AQP4 expression. siRNA inhibition of AQP4
resulted in elevated levels of ROS following S100B exposure whereas loss of AQP4
expression led to increased programmed cell death. Results from these studies support the
hypothesis that HSA21 gene overdose lead to profound disruption of the entire
transcriptome, but presumably in fairly specific functional groups (FitzPatrick et al., 2002;
Saran et al., 2003; Tang et al., 2004).

Using a similar strategy, Bhattacharyya et al. compared the differential expression of genes
in DS versus WT HNPs at 13 weeks gestation age. Within these earlier aged progenitors,
they observed similar functional clusters involved in cell death, cell cycle/ proliferation, and
cell fate/ neuronal development. These studies focused on impairments in interneuron
neurogenesis, perhaps related to increased expression of gliocentric genes such as Oligl,
Olig2, OMG and COUP-TF1/NR2F1 and downregulation of the interneuron related genes
DLX1, DLX2 and DLX5.
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Fig. 2. Constitutively overexpressed genes on HSA21 (5100B & APP) and AQP4 (shown by
red arrows) are predicted to form tight interrelationships within known cell signaling
pathways shown in the networks pooled out from many differentially expressed genes in
DS HNPs with microarray.

In another report, Canzonetta used differential expression analyses following microarray
profiling of normal and trsisomy 21 mouse ES cells and pooled the differentially expressed
genes into endodermal, mesodermal or ectodermal subgroups. They found reduced
expression of stem cell genes controlling pluripotency such as Nanog and Sox2; increased
expression of endodermal genes such as Gata4, Gata6 and Foxa2; increased expression of
mesodermal genes such as Snaill and Pitx2 and reduced expression of neuroectodermal
genes, such as Nestin, Tubb3, Map2 in trisomy 21 ES cells (Canzonetta et al., 2008). More
pervasively, they observed a decrease in Nrsf/Rest, a key regulator of neuronal
differentiation and pluripotency. Quantitative linkage analysis (QTL) mapped the REST
level change to a 3Mb region of HSA21 containing DYRK1A, suggesting that dysregulation
of this HSA21 gene was an early regulator of various embryonic lineages.

3.3 Temporal-spatial mapping-based clusters

Although structure and function cluster approaches provide correlation between DS
genotype-phenotypes, temporal and spatial distribution of gene expression further refines
the contribution of individual HSA21 genes in DS neural development and later maturation.
Previous reports analyzing human trisomy 21 tissue or cells have shown that
overexpression of different chromosome 21 genes is cell type and developmental time
specific (Ait Yahya-Graison et al., 2007; Chung et al., 2005; Giannone et al., 2004; Gross et al.,
2002; Li et al., 2006; Lubec and Sohn, 2003; Mao et al., 2005; Mao et al., 2003; Rozovski et al.,
2007). For example, by RNA whole-mount in situ hybridization, gene expression maps of
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HSAZ21 orthologues in various aged embryonic or newborn mouse brain have been reported
(Gitton et al., 2002; Reymond et al., 2002). Of the 158 orthologous genes examined in
postnatal day 2 mouse brain, 41% were expressed in new cortex, 25% in hippocampus and
25% in cerebellum. The transcripts expressed in neocortex represent a pool of candidate
genes for MR of DS, and include DSCAM, SYN]J1 and TIAM1. These genes are implicated in
synaptic function, axonal guidance, cell migration and neurite outgrowth (Leeuwen et al.,
1997; Saito et al., 2000; Yamakawa et al., 1998).

While several studies have used human cortical progenitors to identify changes in
expression profiling, the findings of gene expression levels vary between studies. The
temporal-spatial variations in DS HNPs may account for these differences. For example, the
REST/NRSF transcription factor was previously reported to be selectively repressed in the
DS HNPs (Bahn et al., 2002). These changes were not seen in our studies or those of others
(Bhattacharyya et al., 2009; Esposito et al., 2008a). However, this discrepancy could be due to
the fact that the gestational ages of the euploid and DS fetal tissues used in these differential
expression studies were not the same. Similarly, our observations of increased S100B and
aquaporin 4 levels in 19 week gestational age DS HNPs were not appreciated in 13 week
gestational age HNPs. This difference would be consistent with the previous notion that
HNPs mimic normal developmental patterns such that later generated or propagated HNPs
generate fewer neurons than HNPs harvested at an earlier age. Given that S100B and AQP4
are associated with more gliocentric phenotypes, upregulation of these genes would be
expected in later gestational aged HNPs. Similar differences appear to exist with other
HSAZ21 genes such as Oligl/2 and DNMT3L (unpublished observations).

4. Characterization of endophenotypes for AD or MR

Endophenotypes are pathological changes observed at the histological, cellular or molecular
levels, which provide an association between candidate genes and the clinical symptoms.
Clinical neurological symptoms of DS include early onset AD, mental retardation and
seizures. Histological changes such as increased cell death, gliosis, demyelination, loss in
neuronal numbers, and gyral simplification are thought to contribute to AD and/or MR in
DS brain. At the cellular level, DS cells show impairments in mitochondrial function,
increased levels of oxidative stress, and changes in proliferative rates. An imbalance in
excitatory-inhibitory neurotransmission, expression changes of genes that affect cell
fate/differentiation, proliferation/cell cycle and cell injury have been observed at the
molecular level.

4.1 Mitochondrial dysfunction and apoptosis

Oxidative stress is increased in DS brain and the imbalance of reactive oxygen species (ROS)
metabolism may be the key component giving rise to DS pathogenesis- namely neuronal
degeneration (Brooksbank and Balazs, 1984; Busciglio and Yankner, 1995). The
mitochondprial respiratory system is the primary source of ROS, and dysregulation of the
redox states may induce sequential apoptosis. Several lines of evidence implicate multiple
HSA21 genes in mitochondrial dysfunction and DS/AD neuropathology. APP is a
membrane protein associated with neuronal survival and overexpression of APP and its
products Abeta has been attributed to neurodegeneration in DS and AD (Conti et al., 2010;
Isacson et al., 2002; Salehi et al., 2006). APP and Abeta are located in mitochondria (Devi and
Anandatheerthavarada, 2010; Manczak et al., 2006). Abeta peptides induce mitochondrial
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dysfunction and oxidative stress in astrocytes leading to cell death in neurons (Abramov et
al., 2004). Impairments in mitochondrial function in astrocytes also alter metabolism and
secretion of neuroprotective APP and increase neuronal vulnerability (Busciglio et al., 2002).
Mitochondrial dysfunction, however, does not require aberrant APP and Abeta processing
specifically. The Ts1Cje DS mouse model, whose partial trisomy 16 does not include the
APP gene, also exhibits diminished mitochondrial activity (Shukkur et al., 2006). These mice
show decreased mitochondrial membrane potential and ATP production, increased ROS,
and increased GSK3f8 and JNK/SAPK activities. GSK3{3 preserves mitochondrial function,
and inhibits Ca(2+)-induced mitochondrial permeability (Mio et al., 2009). In addition to
GSK38, several other genes within the Ts1Cje trisomic segment are thought to be involved
in mitochondrial function. DSCR1 has been reported to be located in the mitochondria and
to play a critical role in mitochondrial function (Chang and Min, 2005). DYRK1A can
phosphorylate tau and APP (Park et al., 2007, Woods et al., 2001), and the transcription
factor ETS-2 increases APP production and promotes the activation of a mitochondrial death
pathway in DS neurons (Helguera et al., 2005, Wolvetang et al., 2003a; Wolvetang et al.,
2003b). S100B is another HSA21 gene that can increase ROS, it is a calcium binding protein
that affects calcium-dependent signals, targeting mitochondrial proteins such as p53 and
ATPase ATAD3A, thereby assisting the cytoplasmic processing of proteins for proper
folding and subcellular localization. S100B overexpression can also lead to p53 inactivation
(Donato, 2003; Gilquin et al., 2010; Leclerc et al., 2010; Lin et al., 2001; Mihara et al., 2003).
Finally, similar mechanisms involving mitochondrial dysfunction have been proposed with
other HSA21 genes including SOD1 and BATCH1 (Arbuzova et al., 2002; Ferrando-Miguel
et al.,, 2003; Furuta et al., 1995; Harris-Cerruti et al., 2004; Iannello et al., 1999; Lott et al.,
2006; Shim et al., 2003). The added, combinatorial effects of these various HSA21 genes in
oxidative stress, apoptosis in neurons and neuronal progenitors are not known.

While mitochondrial dysfunction, oxidative stress, and subsequent apoptosis have been well
appreciated in neurons, only recently changes have been reported in DS HNPs. We have
shown that upregulation of glial-associated proteins such as S100B lead to tau and GSK3£3
hyperphosphorylation, suggesting loss of mitochondrial function (Esposito et al., 2008a;
Esposito et al., 2008b). HNPs over-express the HSA21-localized S100B, leading to increased
ROS formation such as hydrogen peroxide and nitric oxide, activation of stress response
kinase pathways (JNK/STAT), and the upregulation of the glial-associated water channel
AQP4 (Esposito et al.,, 2008a). This same functional network also predicts an added
contribution through HSA21 localized APP. Both APP and S100B are upregulated in DS
HNPs, they reciprocally enhance the expression of one another, have an additive effect on
increasing hydrogen peroxide, decreasing mitochondrial membrane potential and
increasing apoptosis (unpublished data). The co-localization of APP and S100B within the
same HNPs along VZ of cortex may make progenitors even more vulnerable to oxidative
stress, which is supported by the fact that increased progenitor cell death is seen at nano or
pico level of S100B or Abeta stimulation (unpublished observations). These same doses are
neuroprotective in more mature neurons (Lambert et al., 1998; Van Eldik and Wainwright,
2003; Yankner and Lu, 2009). The additive effects from S100B and APP may depend upon
their common activation through the extracellular RAGE receptor which has been shown to
regulate intracellular mitochondrial function (Devi and Anandatheerthavarada, 2010;
Donato, 2003; Leclerc et al., 2010; Manczak et al., 2006). The in vitro observations from DS
HNPs are consistent with in vivo observations in polytransgenic mice. S100B/APP double
transgenic (Tg2576/ APP-huS100B) mice display augmented reactive astrocytosis and
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microgliosis, increased levels of pro-inflammatory cytokines and enhanced apoptosis (Mori
et al.,, 2010). The double transgenic (mutant APP (mAPP)/RAGE) mice demonstrate
increased activation of stress pathways (phosphorylation of p38 and JNK) and altered
expression of markers of synaptic plasticity (MAP kinases), leading to early abnormalities in
spatial learning/memory (Arancio et al., 2004).

4.2 Gliosis and inflammatory changes

Increased astrocytes and gliosis have previously been reported in DS brain (Guidi et al.,
2008). Altered redox states and mitochondrial compromise leading to cell death are thought
to promote these inflammatory changes in mature DS brain (Griffin et al., 1989). In DS the
increase in the glial marker S100B could be explained, in part, by a gene dosage effect and in
part by reactive gliosis (Selinfreund et al., 1991).

A shift in the DS progenitor pool may contribute to the neuronal reduction and increase in
glial cells within the mature trisomy 21 brain. Some studies have suggested impairments in
interneuron neurogenesis within the DS HNP pool, possibly due to over-expression of the
transcription factor COUP-TF1/NR2F1 (Bhattacharyya et al.,, 2009). Increased levels of
COUP-TF1/NR2F1 cause increases in the generation of earlier born neurons and depletion
of later born interneurons. Alternatively, other reports suggest that HSA21 associated
DYRK1A causes a skewed ratio of primitive endoderm at the expense of neuroectodermal
progenitors, leading to a reduction in neurogenesis (Canzonetta et al., 2008). Mensah also
reported an inhibition of neuroectodermal differentiation in a teratoma model transplanted
with mouse ES cells injected with HSA21 (Mensah et al., 2007). Our prior studies of DS
HNPs had demonstrated a constitutive increase in the glial and HSA21 associated S100B
protein, which in turn, enhanced expression of another glial-associated protein, the water
channel AQP4. Aquaporins can partially mitigate damage due to ROS, such that glial
progenitors are more resistant to oxidative damage (Esposito et al., 2008a). In this setting
endogenous overexpression of a glial-associated gene S100B might drive gliogenic
progenitors, while the inflammatory changes from oxidative stressors would further
promote a gliocentric progenitor pool. Other candidate genes such as HSA21-localized Oligl
and Olig2 are basic helix-loop-helix (PHLH) transcription factors essential for development
of oligodendrocytes (Jakovcevski and Zecevic, 2005; Lu et al., 2002; Takebayashi et al., 2002;
Zhou and Anderson, 2002) or astrocytes (Cai et al., 2007; Marshall et al., 2005; Ono et al.,
2008); and SYNJ1 could increase astrogliosis (Herrera et al., 2009). The number of
Oligl/Olig2(+) progenitors increases in the injured CNS (Arnett et al., 2004), and Olig2(+)
cells preferentially differentiate into GFAP-expressing astrocytes, the main contributors to
glial scars which further secrete S100B (Chen et al., 2008; Tatsumi et al., 2008). S100B also
contributes to oligodendrocyte progenitor cells (OPC) differentiation in response to
demyelinating insults (Deloulme et al., 2004). In addition to transcription factors, epigenetic
regulation can also control the cell fate changes within progenitors. One possible candidate
gene in DS is HSA21 associated DNMT3L. DNMT3L is a DNA methyltransferase like gene
playing a role in DNA methylation by activating DNMT3A or DNMT3B (Jia et al., 2007; Ooi
et al.,, 2007; Suetake et al., 2004). It also represses transcription by recruiting histone
deacetylase (HDAC) (Aapola et al., 2002; Deplus et al., 2002). Hypomethylation in neural
progenitors leads to precocious astroglial differentiation and perturbed neuronal maturation
in DNMT1 or DNMT3A knockout mice (Fan et al.,, 2005, Hutnick et al., 2009), whereas
HDAC activation increases oligodendrocytes differentiation (Hsieh et al., 2004; Liu et al,,
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2009; Liu and Casaccia, 2010; Shen et al., 2005; Ye et al., 2009). Again the combinatorial
effects from these various HSA21 genes associated with cell fate changes are not known.

4.3 Prolonged cell cycle and reduced proliferation

Proliferation changes during development have been thought to contribute to the decreased
neuronal numbers and reduced cortical volume in DS brains. Recent studies demonstrated
impairments in proliferation within both hippocampus and neocortical germinal matrix of
17 weeks to 21 weeks gestation age fetal DS brains (Contestabile et al., 2007; Guidi et al.,
2008). The DS progenitor cell cycle is prolonged with more cells remaining in G2 phase,
thereby causing a reduction in neurogenesis and presumptive increase in astrocytosis.
Similar endophenotypes are also found in animal models, which show a reduced progenitor
pool and neurogenesis in ventricular zone or dentate gyrus (Contestabile et al., 2009;
Haydar et al., 2000; Lorenzi and Reeves, 2006; Moldrich et al., 2009). The molecular
mechanisms behind G2 phase prolongation are not known although many genes on HSA21
can cause proliferation changes. Overexpression of APP would antagonistically compete
with the APP-BP1, which is required for the cell cycle progression from G1 to S phase. This
change would lead to a predicted slowing in proliferation but at the G1 to S phase (Joo et
al., 2010). Overexpression of S100B could promote p53 nuclear accumulation and inhibit
proliferation (Scotto et al., 1999). Olig2 overexpression has been shown to increase CDK
inhibitor p27, leading to decreased proliferation (Tabu et al., 2006). Presumably, various
HSAZ21 genes may directly act in a combinatorial fashion to affect progenitor proliferation.
Studies from human DS HNPs raise another potential explanation for altered progenitor
proliferative rates. Consistent with previous reports, we have also found reduced
proliferation in HNPs, localized along the ventricular zone of DS cortex, and within DS
HNPs cultured in vitro. However, characterization of these progenitors have shown that
these progenitors, while retaining neural progenitor markers, are more gliocentric in their
expression profile. Some preliminary studies suggest that the DS HNPs have reduced
voltage gated, outward rectifying potassium channel activity, which correlated to decreased
proliferation. Increased potassium channel activity has been correlated with increased
proliferation, whereas decreased channel activity coincides with oligodendrocyte
differentiation (Chittajallu et al., 2002). Taken in this context, changes in progenitor cell fates
(due to such HSA21 genes as S100B, APP, and Olig2) may in part explain the reduction in
cell proliferation.

4.4 Imbalance of excitatory-inhibitory neurotransmission

The balance of neurotransmission is important for maintaining normal physiology and
behavior. Imbalance of excitatory-inhibitory neurotransmission could contribute to the MR
phenotypes seen in DS. Prior studies have shown decreased excitatory and increased
inhibitory activities in DS neurons or Trisomy 16 mice. The excitatory neurotransmitter
glutamate and inhibitory neurotransmitter GABA are both decreased in DS fetal brain
(Reynolds and Warner, 1988; Risser et al., 1997; Smigielska-Kuzia et al., 2010; Whittle et al.,
2007). Ts65Dn mice show increased inhibitory synapses and decreased excitatory synapses
in the hippocampus (Belichenko et al., 2009; Belichenko et al., 2004; Kurt et al., 2000; Perez-
Cremades et al., 2010). Excessive GABA inhibition also alters LTP in the hippocampus
(Costa and Grybko, 2005; Kleschevnikov et al., 2004; Siarey et al., 1997). Likewise, Ts1Cje
mice show a shortened long term potentiation and an increase in long term depression, as
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well as a decrease in the evoked field excitatory postsynaptic potentials- all consistent with
impairments in short and long term plasticity (Siarey et al., 2005).

Various HSA21 genes could theoretically affect synaptic function and thereby alter memory
and learning. TINM1, SYNJ1 and ITSN1 are thought to play some role in synaptic plasticity,
KCNJ6, KCNJ15, KCNE1 and KCNE2 would alter channel activity, whereas NRIP1, ETS2,
PCP4, DSCR1, DYRK1A, S100B and APP have some role in affecting neurotransmitter
receptors or intracellular signaling. Another more closely scrutinized HSA21 gene GIRK2
(KCNJ6), an inwardly rectifying K channel, could contribute to synaptic inhibition. GIRK2
channels are overexpressed in Ts65Dn hippocampus and frontal cortex (Harashima et al.,
2006). The overexpression leads to a significant increase in GABAB-mediated GIRK current
in primary cultured hippocampal neurons, and likely affects the balance between excitatory
and inhibitory neuronal transmission (Best et al., 2007). Pharmacological treatment of the
trisomy 16 mice with GABAA antagonists at non-epileptic doses causes a persistent post-
drug recovery of cognition and LTP (Fernandez et al., 2007). Interestingly, treatment of these
same mice with the uncompetitive NMDAR antagonist memantine rescues the performance
deficits on a fear-conditioning test (Costa et al., 2008). Memantine mimics calcineurin action
and the HSA21 DSCR1 gene inhibits calcineurin activity. This raises the hypothesis that
DSCR1 overexpression produces a pathological increase in NMDAR activity.

Earlier developmental changes in DS HNPs could also contribute to the imbalance of
excitatory and inhibitory neurotransmission. Alterations in cell fate through genes such as
Oligl and Olig2 could lead to an abnormal ratio or distribution of excitatory and inhibitory
neurons. Overexpression of HSA21 located Oligl and Olig2 have been shown to increase
GABAergic interneuron neurogenesis in Ts65Dn mice, and the dysregulation of excitatory-
inhibitory imbalance could be rescued by knocking down the extra copy of these two genes
(Chakrabarti et al., 2010). This phenotype contrasts with our observations and those from
other groups, who have observed a reduction of interneurons in DS HNPs at the expense of
increasing oligodendrocytes (Bhattacharyya et al., 2009). We see a shift from neuronal to
gliocentric progenitors with overexpression of S100B (Esposito et al., 2008a) and APP
(unpublished observations), which would potentially further compromise the interneuron
population. This decline in interneuron neuronal production is consistent with the loss in
GABA-ergic interneurons, as opposed to total neuronal numbers, reported in the DS cortex,
further reiterating differences between the mouse and human disorders (Golden and
Hyman, 1994; Ross et al., 1984; Weitzdoerfer et al., 2001).

5. Combinatorial gene effects in DS HNPs contribute to the DS phenotype

HSA21 associated genes which are implicated in cell death and oxidative stress could
contribute to the later endophenotypes seen in DS. To identify functional modules of gene
expression and interacting partners relevant to DS HNPs, we had applied network-based
analyses through the Ingenuity Pathways Knowledge Base (IPA) (Calvano et al., 2005).
Among 1902 genes that were significantly different on pairwise comparison between WT-
DS expression profiling of HNPs, 334 genes were shown to interact within 46 functional
networks (Esposito et al., 2008a). The top four interactive networks incorporated 93
dysregulated genes involved in cell cycle, cell death, oxidative stress and several canonical
signal transduction pathways. These findings would suggest that genes involved in these
primary functional clusters might later contribute to the observed DS endophenotypes.
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To understand the role of HSA21 genes in progenitor cell death and changes in redox state,
we first focused on HSA21 genes APP and S100B. These molecules were included in one of
the top functional clusters and were associated with other cell signaling molecules,
including JAK/STAT and MAPK, which have been implicated in the stress response
pathway, inflammation and potentially gliosis. Using this potential pathway, we found that
upregulation of S100B activated the JAK/STAT MAPK pathway through the RAGE
receptor. RAGE receptor activation induced mitochondrial disruption and oxidative stress.
Activation of this pathway enhanced progenitor cell death and likely gliosis, as suggested
by increased expression of glial associated water channel AQP4 (Esposito et al., 2008a). We
have also been able to observe a S100B-mediated induction of tau protein
hyperphosphorylation via Dickopff-1 up-regulation and disruption of the Wnt pathway,
suggesting a shared common final pathway with APP (Esposito et al., 2008b).

Although APP and S100B have previously been implicated in oxidative stress and cell death,
constitutive over-expression of these and other HSA21 genes would also predict
upregulation of inflammatory responses (astrocytosis), leading to a skewed gliocentric
progenitor phenotype. The ongoing cell death and inflammation from APP and S100B
promote reactive astrocytosis and astrocytes secrete S100B, causing further cell injury and
death (Li et al., 2011). This same mechanism of injury in the mature brain could also take
place within the progenitor population during development. Additionally, the transcription
factors Oligl/2 increase oligodendroglial progenitor numbers and would likely augment any
gliocentric shift. Similarly, the HSA21 DNA methylthansferase like DNMT3L gene recruits
HDACs, which compete with beta catenin to regulate TCF4 dependent transcriptional
inhibition of neuronal progenitor proliferation and activation of oligoprogenitor phenotypes
(Aapola et al., 2002; Deplus et al., 2002; Liu et al., 2009; Ye et al., 2009).

A gliocentric shift in the progenitor pool could alter rates of proliferation and create an
imbalance in excitatory-inhibitory transmission. Gliocentric progenitors would be predicted
to demonstrate reduced voltage gated, outward rectifying potassium channel activity, and
consequent slower rates of proliferation. Moreover, the ongoing neural progenitor cell death
from oxidative stress enhances gliocentric progenitor characteristics at the expense of
neuronal progenitor phenotypes. This shift becomes more prominent later in cortical
development when the cyclical and synergistic roles played by such inflammatory
mediators such as S100B and APP become more pronounced. Under this paradigm, the loss
in neuronogenic progenitors would manifest later in development and thereby affect
interneuron production.

These observations raise a hypothetical paradigm whereby several specific HSA21-localized
genes promote a deleterious, cyclical pathway involving ROS, hypersecretion of S100B, APP
overproduction and proliferation of gliocentric progenitors. A gliocentric shift in the
progenitor pool would provide a potential explanation for the predominant
endophenotypes seen in the DS brain.

6. Pharmacological approach using DS HNPs

From a translational standpoint, human neurally-derived reagents will be useful to identify
pathological mechanisms and address the efficacy of pharmacotherapeutics. Given that DS
is a contiguous gene syndrome, multiple genes on HSA21 will interact, share substrates,
and/or influence the same processes or pathways relevant to neural function. Our ongoing
work demonstrates that some genes such as S100B and APP are over-expressed from
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development into adulthood and would therefore have potentially cumulative effects over
time. In this respect, treatment directed toward correcting aberrant pathways regulated by
these genes may require early and ongoing management to achieve efficacy. Other genes
which might also contribute to gliocentric phenotypes and which reside on HSA21 such as
Oligl/2 appear to be more temporally restricted (personal observations, Lu and Sheen) and
therefore might be more amenable to a finite pharmacological approach. It remains to be
seen to what extent the observations made from various treatment modalities for trisomy
mouse models and/or DS HNPs are faithfully replicated in actual individuals with DS. That
said, the use of DS HNPs would provide another measure of validation for
pharmocotherapies devised in treatment of these disorders.

7. Conclusion

DS is a contiguous gene syndrome giving rise to MR, dementia, and seizures. These clinical
outcomes are mirrored by endophenotypes including mitochondrial dysfunction, oxidative
stress, cell death, gliosis, inflammation, prolonged cell cycle, reduction in proliferation and
imbalances in excitatory and inhibitory neurotransmission. While these characteristics have
largely been observed in neurons in the mature brain, function based cluster analyses of
pair-wise comparisons between normal and DS human neural progenitors suggest that
similar changes are ongoing during development. Moreover, these endophenotypes likely
arise from the integration of various genetic and epigenetic factors on chromosome 21 such
as APP, S100B, Oligl/2 and DNMT3L. The ongoing disruption of mitochondrial redux
states and inflammation promote early gliocentric phenotypes in the progenitor pool, which
would alter progenitor proliferative rates and contribute to a decline in interneuron
production. Overall, early developmental changes in the progenitor population could
promote many of the deleterious changes seen later in the mature DS brain.

8. Acknowledgment

This work was supported by grants to V.L.S from NINDS 1R01NS063997, NICHD
1R21HDO054347, and the Harvard Neurodiscovery Center. V.L.S. is a Doris Duke Clinical
Scientist Development Award recipient and Alzheimer’s Association New Investigator.
C.J.C. is an Investigator at the Howard Hughes Medical Institute and thanks the NIH (GM
79465) for research support.

9. References

Aapola, U, Liiv, I, and Peterson, P. (2002). Imprinting regulator DNMT3L is a
transcriptional repressor associated with histone deacetylase activity. Nucleic Acids
Res 30, 3602-3608.

Abramov, A. Y., Canevari, L., and Duchen, M. R. (2004). Beta-amyloid peptides induce
mitochondrial dysfunction and oxidative stress in astrocytes and death of neurons
through activation of NADPH oxidase. ] Neurosci 24, 565-575.

Ait Yahya-Graison, E., Aubert, J., Dauphinot, L., Rivals, I., Prieur, M., Golfier, G., Rossier, J.,
Personnaz, L., Creau, N., Blehaut, H., et al. (2007). Classification of human
chromosome 21 gene-expression variations in Down syndrome: impact on disease
phenotypes. Am ] Hum Genet 81, 475-491.

www.intechopen.com



Combinatorial Gene Effects on the Neural Progenitor Pool in Down Syndrome 51

Altafaj, X., Dierssen, M., Baamonde, C., Marti, E., Visa, J., Guimera, J., Oset, M., Gonzalez, ].
R., Florez, ]., Fillat, C., and Estivill, X. (2001). Neurodevelopmental delay, motor
abnormalities and cognitive deficits in transgenic mice overexpressing Dyrkl1A
(minibrain), a murine model of Down's syndrome. Hum Mol Genet 10, 1915-1923.

Arai, Y., Jjuin, T., Takenawa, T., Becker, L. E., and Takashima, S. (2002). Excessive expression
of synaptojanin in brains with Down syndrome. Brain Dev 24, 67-72.

Arancio, O., Zhang, H. P., Chen, X,, Lin, C,, Trinchese, F., Puzzo, D, Liu, S., Hegde, A., Yan,
S. F, Stern, A., et al. (2004). RAGE potentiates Abeta-induced perturbation of
neuronal function in transgenic mice. Embo J 23, 4096-4105.

Arbuzova, S., Hutchin, T., and Cuckle, H. (2002). Mitochondrial dysfunction and Down's
syndrome. Bioessays 24, 681-684.

Arnett, H. A, Fancy, S. P., Alberta, ]J. A., Zhao, C,, Plant, S. R., Kaing, S., Raine, C. S.,
Rowitch, D. H., Franklin, R. J., and Stiles, C. D. (2004). bHLH transcription factor
Oligl is required to repair demyelinated lesions in the CNS. Science 306, 2111-2115.

Arron, J. R., Winslow, M. M., Polleri, A., Chang, C. P.,, Wu, H., Gao, X., Neilson, J. R., Chen,
L., Heit, J. J., Kim, S. K,, et al. (2006). NFAT dysregulation by increased dosage of
DSCR1 and DYRK1A on chromosome 21. Nature 441, 595-600.

Arya, R., Kabra, M., and Gulati, S. (2011). Epilepsy in children with Down syndrome.
Epileptic Disord 13, 1-7.

Bahn, S., Mimmack, M., Ryan, M., Caldwell, M. A,, Jauniaux, E., Starkey, M., Svendsen, C.
N., and Emson, P. (2002). Neuronal target genes of the neuron-restrictive silencer
factor in neurospheres derived from fetuses with Down's syndrome: a gene
expression study. Lancet 359, 310-315.

Banik, N. L., Davison, A. N., Palo, J., and Savolainen, H. (1975). Biochemical studies on
myelin isolated from the brains of patients with Down's syndrome. Brain 98, 213-
218.

Becker, L., Mito, T., Takashima, S., and Onodera, K. (1991). Growth and development of the
brain in Down syndrome. Prog Clin Biol Res 373, 133-152.

Belichenko, P. V., Kleschevnikov, A. M., Masliah, E., Wu, C., Takimoto-Kimura, R., Salehi,
A., and Mobley, W. C. (2009). Excitatory-inhibitory relationship in the fascia
dentata in the Ts65Dn mouse model of Down syndrome. ] Comp Neurol 512, 453-
466.

Belichenko, P. V., Masliah, E., Kleschevnikov, A. M., Villar, A. J., Epstein, C. J., Salehi, A.,
and Mobley, W. C. (2004). Synaptic structural abnormalities in the Ts65Dn mouse
model of Down Syndrome. ] Comp Neurol 480, 281-298.

Benavides-Piccione, R., Ballesteros-Yanez, 1., de Lagran, M. M., Elston, G., Estivill, X., Fillat,
C., Defelipe, J., and Dierssen, M. (2004). On dendrites in Down syndrome and DS
murine models: a spiny way to learn. Prog Neurobiol 74, 111-126.

Benda, C. E. (1947). Neuropsychiatric aspects of mental deficiency; a clinicopathologic study
based on 200 autopsies. N C Med J 8, 72-82.

Best, T. K., Siarey, R. J., and Galdzicki, Z. (2007). Ts65Dn, a mouse model of Down
syndrome, exhibits increased GABAB-induced potassium current. ] Neurophysiol
97, 892-900.

Bhattacharyya, A., McMillan, E., Chen, S. 1., Wallace, K., and Svendsen, C. N. (2009). A
critical period in cortical interneuron neurogenesis in down syndrome revealed by
human neural progenitor cells. Dev Neurosci 31, 497-510.

www.intechopen.com



52 Genetics and Etiology of Down Syndrome

Brooksbank, B. W., and Balazs, R. (1984). Superoxide dismutase, glutathione peroxidase and
lipoperoxidation in Down's syndrome fetal brain. Brain Res 318, 37-44.

Busciglio, J., Pelsman, A., Wong, C., Pigino, G., Yuan, M., Mori, H., and Yankner, B. A.
(2002). Altered metabolism of the amyloid beta precursor protein is associated with
mitochondrial dysfunction in Down's syndrome. Neuron 33, 677-688.

Busciglio, J., and Yankner, B. A. (1995). Apoptosis and increased generation of reactive
oxygen species in Down's syndrome neurons in vitro. Nature 378, 776-779.

Cai, J., Chen, Y., Cai, W. H., Hurlock, E. C.,, Wu, H.,, Kernie, S. G., Parada, L. F., and Lu, Q. R.
(2007). A crucial role for Olig2 in white matter astrocyte development.
Development 134, 1887-1899.

Calvano, S. E., Xiao, W., Richards, D. R., Felciano, R. M., Baker, H. V., Cho, R. ]., Chen, R. O.,
Brownstein, B. H., Cobb, J. P., Tschoeke, S. K., et al. (2005). A network-based
analysis of systemic inflammation in humans. Nature 437, 1032-1037.

Canzonetta, C., Mulligan, C., Deutsch, S., Ruf, S., O'Doherty, A., Lyle, R., Borel, C., Lin-
Marq, N., Delom, F., Groet, ]., et al. (2008). DYRK1A-dosage imbalance perturbs
NRSF/REST levels, deregulating pluripotency and embryonic stem cell fate in
Down syndrome. Am ] Hum Genet 83, 388-400.

Cavailles, V., Dauvois, S., L'Horset, F., Lopez, G., Hoare, S., Kushner, P. J., and Parker, M. G.
(1995). Nuclear factor RIP140 modulates transcriptional activation by the estrogen
receptor. Embo J 14, 3741-3751.

Chakrabarti, L., Best, T. K., Cramer, N. P., Carney, R. S, Isaac, J. T., Galdzicki, Z., and
Haydar, T. F. Oligl and Olig2 triplication causes developmental brain defects in
Down syndrome. Nat Neurosci 13, 927-934.

Chakrabarti, L., Best, T. K., Cramer, N. P., Carney, R. S, Isaac, J. T., Galdzicki, Z., and
Haydar, T. F. (2010). Oligl and Olig2 triplication causes developmental brain
defects in Down syndrome. Nat Neurosci 13, 927-934.

Chakrabarti, L., Galdzicki, Z., and Haydar, T. F. (2007). Defects in embryonic neurogenesis
and initial synapse formation in the forebrain of the Ts65Dn mouse model of Down
syndrome. ] Neurosci 27, 11483-11495.

Chang, K. T., and Min, K. T. (2005). Drosophila melanogaster homolog of Down syndrome
critical region 1 is critical for mitochondrial function. Nat Neurosci 8, 1577-1585.

Chang, K. T., and Min, K. T. (2009). Upregulation of three Drosophila homologs of human
chromosome 21 genes alters synaptic function: implications for Down syndrome.
Proc Natl Acad Sci U S A 106, 17117-17122.

Chen, Y., Miles, D. K., Hoang, T., Shi, J., Hurlock, E., Kernie, S. G., and Lu, Q. R. (2008). The
basic helix-loop-helix transcription factor olig2 is critical for reactive astrocyte
proliferation after cortical injury. ] Neurosci 28, 10983-10989.

Chittajallu, R., Chen, Y., Wang, H., Yuan, X., Ghiani, C. A., Heckman, T., McBain, C. J., and
Gallo, V. (2002). Regulation of Kv1l subunit expression in oligodendrocyte
progenitor cells and their role in G1/S phase progression of the cell cycle. Proc Natl
Acad Sci U S A 99, 2350-2355.

Chrast, R., Scott, H. S., Madani, R., Huber, L., Wolfer, D. P., Prinz, M., Aguzzi, A., Lipp, H.
P., and Antonarakis, S. E. (2000). Mice trisomic for a bacterial artificial chromosome
with the single-minded 2 gene (Sim2) show phenotypes similar to some of those
present in the partial trisomy 16 mouse models of Down syndrome. Hum Mol
Genet 9, 1853-1864.

www.intechopen.com



Combinatorial Gene Effects on the Neural Progenitor Pool in Down Syndrome 53

Chung, I. H, Lee, S. H., Lee, K. W,, Park, S. H., Cha, K. Y., Kim, N. S,, Yoo, H. S, Kim, Y. S,,
and Lee, S. (2005). Gene expression analysis of cultured amniotic fluid cell with
Down syndrome by DNA microarray. ] Korean Med Sci 20, 82-87.

Colon, E. J. (1972). The elderly brain. A quantitative analysis in the cerebral cortex of two
cases. Psychiatr Neurol Neurochir 75, 261-270.

Contestabile, A., Benfenati, F., and Gasparini, L. (2010). Communication breaks-Down: from
neurodevelopment defects to cognitive disabilities in Down syndrome. Prog
Neurobiol 91, 1-22.

Contestabile, A., Fila, T., Cappellini, A., Bartesaghi, R., and Ciani, E. (2009). Widespread
impairment of cell proliferation in the neonate Ts65Dn mouse, a model for Down
syndrome. Cell Prolif 42, 171-181.

Contestabile, A., Fila, T., Ceccarelli, C., Bonasoni, ., Bonapace, L., Santini, D., Bartesaghi, R.,
and Ciani, E. (2007). Cell cycle alteration and decreased cell proliferation in the
hippocampal dentate gyrus and in the neocortical germinal matrix of fetuses with
Down syndrome and in Ts65Dn mice. Hippocampus 17, 665-678.

Conti, E., Galimberti, G., Piazza, F., Raggi, M. E., and Ferrarese, C. (2010). Increased soluble
APPalpha, Abeta 1-42, and anti-Abeta 1-42 antibodies in plasma from down
syndrome patients. Alzheimer Dis Assoc Disord 24, 96-100.

Costa, A. C., and Grybko, M. J. (2005). Deficits in hippocampal CA1 LTP induced by TBS but
not HFS in the Ts65Dn mouse: a model of Down syndrome. Neurosci Lett 382, 317-
322.

Costa, A. C., Scott-McKean, ]. J., and Stasko, M. R. (2008). Acute injections of the NMDA
receptor antagonist memantine rescue performance deficits of the Ts65Dn mouse
model of Down syndrome on a fear conditioning test. Neuropsychopharmacology
33, 1624-1632.

Cragg, B. G. (1975). The density of synapses and neurons in normal, mentally defective
ageing human brains. Brain 98, 81-90.

Cramer, N. P., Best, T. K., Stoffel, M., Siarey, R. ]J., and Galdzicki, Z. (2010). GABAB-GIRK2-
mediated signaling in Down syndrome. Adv Pharmacol 58, 397-426.

Davidoff, L. M. (1928). Staining Fibrillary Neuroglia in Formalin-Fixed Material. Am ]
Pathol 4, 493-496.1.

de la Luna, S., and Estivill, X. (2006). Cooperation to amplify gene-dosage-imbalance effects.
Trends Mol Med 12, 451-454.

Delabar, J. M., Theophile, D., Rahmani, Z., Chettouh, Z., Blouin, J. L., Prieur, M., Noel, B.,
and Sinet, P. M. (1993). Molecular mapping of twenty-four features of Down
syndrome on chromosome 21. Eur ] Hum Genet 1, 114-124.

Deloulme, J. C., Raponi, E., Gentil, B. J., Bertacchi, N., Marks, A., Labourdette, G., and
Baudier, J. (2004). Nuclear expression of S100B in oligodendrocyte progenitor cells
correlates with differentiation toward the oligodendroglial lineage and modulates
oligodendrocytes maturation. Mol Cell Neurosci 27, 453-465.

Deplus, R., Brenner, C., Burgers, W. A., Putmans, P., Kouzarides, T., de Launoit, Y., and
Fuks, F. (2002). Dnmt3L is a transcriptional repressor that recruits histone
deacetylase. Nucleic Acids Res 30, 3831-3838.

Devi, L., and Anandatheerthavarada, H. K. (2010). Mitochondrial trafficking of APP and
alpha synuclein: Relevance to mitochondrial dysfunction in Alzheimer's and
Parkinson's diseases. Biochim Biophys Acta 1802, 11-19.

www.intechopen.com



54 Genetics and Etiology of Down Syndrome

Donato, R. (2003). Intracellular and extracellular roles of S100 proteins. Microsc Res Tech 60,
540-551.

Dorval, V., Mazzella, M. J., Mathews, P. M., Hay, R. T., and Fraser, P. E. (2007). Modulation
of Abeta generation by small ubiquitin-like modifiers does not require conjugation
to target proteins. Biochem ] 404, 309-316.

Ema, M., Ikegami, S., Hosoya, T., Mimura, J., Ohtani, H., Nakao, K., Inokuchi, K., Katsuki,
M., and Fujii-Kuriyama, Y. (1999). Mild impairment of learning and memory in
mice overexpressing the mSim?2 gene located on chromosome 16: an animal model
of Down's syndrome. Hum Mol Genet 8, 1409-1415.

Esposito, G., Imitola, J., Lu, ]J., De Filippis, D., Scuderi, C., Ganesh, V. S., Folkerth, R., Hecht,
J., Shin, S., Tuvone, T., et al. (2008a). Genomic and functional profiling of human
Down syndrome neural progenitors implicates S100B and aquaporin 4 in cell
injury. Hum Mol Genet 17, 440-457.

Esposito, G., Scuderi, C., Lu, J., Savani, C., De Filippis, D., Iuvone, T., Steardo, L., Jr., Sheen,
V., and Steardo, L. (2008b). S100B induces tau protein hyperphosphorylation via
Dickopff-1 up-regulation and disrupts the Wnt pathway in human neural stem
cells. J Cell Mol Med 12, 914-927.

Fan, G., Martinowich, K., Chin, M. H., He, F., Fouse, S. D., Hutnick, L., Hattori, D., Ge, W.,
Shen, Y., Wu, H, et al. (2005). DNA methylation controls the timing of
astrogliogenesis through regulation of JAK-STAT signaling. Development 132,
3345-3356.

Fernandez-Martinez, J., Vela, E. M., Tora-Ponsioen, M., Ocana, O. H., Nieto, M. A., and
Galceran, ]. (2009). Attenuation of Notch signalling by the Down-syndrome-
associated kinase DYRK1A. J Cell Sci 122, 1574-1583.

Fernandez, F., Morishita, W., Zuniga, E., Nguyen, J., Blank, M., Malenka, R. C., and Garner,
C. C. (2007). Pharmacotherapy for cognitive impairment in a mouse model of Down
syndrome. Nat Neurosci 10, 411-413.

Ferrando-Miguel, R., Cheon, M. S., Yang, J. W., and Lubec, G. (2003). Overexpression of
transcription factor BACH1 in fetal Down syndrome brain. ] Neural Transm Suppl,
193-205.

FitzPatrick, D. R., Ramsay, J., McGill, N. I., Shade, M., Carothers, A. D., and Hastie, N. D.
(2002). Transcriptome analysis of human autosomal trisomy. Hum Mol Genet 11,
3249-3256.

Furuta, A., Price, D. L., Pardo, C. A., Troncoso, J. C., Xu, Z. S., Taniguchi, N., and Martin, L.
J. (1995). Localization of superoxide dismutases in Alzheimer's disease and Down's
syndrome neocortex and hippocampus. Am ] Pathol 146, 357-367.

Gardiner, K. (2006). Transcriptional dysregulation in Down syndrome: predictions for
altered protein complex stoichiometries and post-translational modifications, and
consequences for learning/behavior genes ELK, CREB, and the estrogen and
glucocorticoid receptors. Behav Genet 36, 439-453.

Gardiner, K., and Costa, A. C. (2006). The proteins of human chromosome 21. Am ] Med
Genet C Semin Med Genet 142C, 196-205.

Giannone, S., Strippoli, P., Vitale, L., Casadei, R., Canaider, S., Lenzi, L., D'Addabbo, P.,
Frabetti, F., Facchin, F., Farina, A., et al. (2004). Gene expression profile analysis in
human T lymphocytes from patients with Down Syndrome. Ann Hum Genet 68,
546-554.

www.intechopen.com



Combinatorial Gene Effects on the Neural Progenitor Pool in Down Syndrome 55

Gilquin, B., Cannon, B. R., Hubstenberger, A., Moulouel, B., Falk, E., Merle, N., Assard, N.,
Kieffer, S., Rousseau, D., Wilder, P. T. et al. (2010). The calcium-dependent
interaction between S100B and the mitochondrial AAA ATPase ATAD3A and the
role of this complex in the cytoplasmic processing of ATAD3A. Mol Cell Biol 30,
2724-2736.

Gitton, Y., Dahmane, N., Baik, S., Ruiz i Altaba, A., Neidhardt, L., Scholze, M., Herrmann, B.
G., Kahlem, P., Benkahla, A., Schrinner, S., et al. (2002). A gene expression map of
human chromosome 21 orthologues in the mouse. Nature 420, 586-590.

Golden, ]J. A., and Hyman, B. T. (1994). Development of the superior temporal neocortex is
anomalous in trisomy 21. ] Neuropathol Exp Neurol 53, 513-520.

Griffin, W. S,, Stanley, L. C,, Ling, C., White, L., MacLeod, V., Perrot, L. J., White, C. L., 3rd,
and Araoz, C. (1989). Brain interleukin 1 and S-100 immunoreactivity are elevated
in Down syndrome and Alzheimer disease. Proc Natl Acad Sci U S A 86, 7611-7615.

Gross, S. J., Ferreira, J. C., Morrow, B., Dar, P., Funke, B., Khabele, D., and Merkatz, I. (2002).
Gene expression profile of trisomy 21 placentas: a potential approach for designing
noninvasive techniques of prenatal diagnosis. Am J Obstet Gynecol 187, 457-462.

Guidi, S., Bonasoni, P., Ceccarelli, C., Santini, D., Gualtieri, F., Ciani, E., and Bartesaghi, R.
(2008). Neurogenesis impairment and increased cell death reduce total neuron
number in the hippocampal region of fetuses with Down syndrome. Brain Pathol
18,180-197.

Guimera, J., Casas, C., Estivill, X., and Pritchard, M. (1999). Human minibrain homologue
(MNBH/DYRK1): characterization, alternative splicing, differential tissue
expression, and overexpression in Down syndrome. Genomics 57, 407-418.

Harashima, C., Jacobowitz, D. M., Witta, J., Borke, R. C,, Best, T. K., Siarey, R. ]J., and
Galdzicki, Z. (2006). Abnormal expression of the G-protein-activated inwardly
rectifying potassium channel 2 (GIRK2) in hippocampus, frontal cortex, and
substantia nigra of Ts65Dn mouse: a model of Down syndrome. ] Comp Neurol
494, 815-833.

Harris-Cerruti, C., Kamsler, A., Kaplan, B., Lamb, B., Segal, M., and Groner, Y. (2004).
Functional and morphological alterations in compound transgenic mice
overexpressing Cu/Zn superoxide dismutase and amyloid precursor protein
[correction]. Eur ] Neurosci 19, 1174-1190.

Hattori, D., Demir, E., Kim, H. W., Viragh, E., Zipursky, S. L., and Dickson, B. J. (2007).
Dscam diversity is essential for neuronal wiring and self-recognition. Nature 449,
223-227.

Haydar, T. F., Wang, F., Schwartz, M. L., and Rakic, P. (2000). Differential modulation of
proliferation in the neocortical ventricular and subventricular zones. ] Neurosci 20,
5764-5774.

Helguera, P., Pelsman, A., Pigino, G., Wolvetang, E., Head, E., and Busciglio, J. (2005). ets-2
promotes the activation of a mitochondrial death pathway in Down's syndrome
neurons. ] Neurosci 25, 2295-2303.

Herrera, F., Chen, Q., Fischer, W. H., Maher, P., and Schubert, D. R. (2009). Synaptojanin-1
plays a key role in astrogliogenesis: possible relevance for Down's syndrome. Cell
Death Differ 16, 910-920.

www.intechopen.com



56 Genetics and Etiology of Down Syndrome

Holmstrom, S., Van Antwerp, M. E. and Iniguez-Lluhi, ]J. A. (2003). Direct and
distinguishable inhibitory roles for SUMO isoforms in the control of transcriptional
synergy. Proc Natl Acad Sci U S A 100, 15758-15763.

Holz-Schietinger, C., and Reich, N. O. (2010). The inherent processivity of the human de
novo methyltransferase 3A (DNMT3A) is enhanced by DNMT3L. ] Biol Chem 285,
29091-29100.

Howlett, D. R., and Richardson, J. C. (2009). The pathology of APP transgenic mice: a model
of Alzheimer's disease or simply overexpression of APP? Histol Histopathol 24, 83-
100.

Hsieh, J.,, Nakashima, K., Kuwabara, T., Mejia, E., and Gage, F. H. (2004). Histone
deacetylase inhibition-mediated neuronal differentiation of multipotent adult
neural progenitor cells. Proc Natl Acad Sci U S A 101, 16659-16664.

Hutnick, L. K., Golshani, P., Namihira, M., Xue, Z., Matynia, A., Yang, X. W,, Silva, A. ],,
Schweizer, F. E., and Fan, G. (2009). DNA hypomethylation restricted to the murine
forebrain induces cortical degeneration and impairs postnatal neuronal maturation.
Hum Mol Genet 18, 2875-2888.

Iannello, R. C., Crack, P. ]J., de Haan, J. B., and Kola, I. (1999). Oxidative stress and neural
dysfunction in Down syndrome. ] Neural Transm Suppl 57, 257-267.

Isacson, O., Seo, H., Lin, L., Albeck, D., and Granholm, A. C. (2002). Alzheimer's disease and
Down's syndrome: roles of APP, trophic factors and ACh. Trends Neurosci 25, 79-
84.

Jakovcevski, I, and Zecevic, N. (2005). Olig transcription factors are expressed in
oligodendrocyte and neuronal cells in human fetal CNS. ] Neurosci 25, 10064-
10073.

Jia, D., Jurkowska, R. Z., Zhang, X, Jeltsch, A., and Cheng, X. (2007). Structure of Dnmt3a
bound to Dnmt3L suggests a model for de novo DNA methylation. Nature 449,
248-251.

Joo, Y., Ha, S., Hong, B. H., Kim, J., Chang, K. A., Liew, H., Kim, S., Sun, W., Kim, J. H,,
Chong, Y. H., et al. (2010). Amyloid precursor protein binding protein-1 modulates
cell cycle progression in fetal neural stem cells. PLoS One 5, €14203.

Keating, D. J., Chen, C., and Pritchard, M. A. (2006). Alzheimer's disease and endocytic
dysfunction: clues from the Down syndrome-related proteins, DSCR1 and ITSNI.
Ageing Res Rev 5, 388-401.

Keating, D. ]J., Dubach, D., Zanin, M. P., Yu, Y., Martin, K., Zhao, Y. F., Chen, C., Porta, S.,
Arbones, M. L., Mittaz, L., and Pritchard, M. A. (2008). DSCR1/RCANT1 regulates
vesicle exocytosis and fusion pore kinetics: implications for Down syndrome and
Alzheimer's disease. Hum Mol Genet 17, 1020-1030.

Kleerekoper, Q. K., and Putkey, J. A. (2009). PEP-19, an intrinsically disordered regulator of
calmodulin signaling. ] Biol Chem 284, 7455-7464.

Kleschevnikov, A. M., Belichenko, P. V., Villar, A. J., Epstein, C. J., Malenka, R. C., and
Mobley, W. C. (2004). Hippocampal long-term potentiation suppressed by
increased inhibition in the Ts65Dn mouse, a genetic model of Down syndrome. ]
Neurosci 24, 8153-8160.

Koo, B. K., Blaser, S., Harwood-Nash, D., Becker, L. E., and Murphy, E. G. (1992). Magnetic
resonance imaging evaluation of delayed myelination in Down syndrome: a case
report and review of the literature. ] Child Neurol 7, 417-421.

www.intechopen.com



Combinatorial Gene Effects on the Neural Progenitor Pool in Down Syndrome 57

Korbel, J. O., Tirosh-Wagner, T., Urban, A. E., Chen, X. N., Kasowski, M., Dai, L., Grubert,
F., Erdman, C., Gao, M. C,, Lange, K., et al. (2009). The genetic architecture of Down
syndrome phenotypes revealed by high-resolution analysis of human segmental
trisomies. Proc Natl Acad Sci U S A 106, 12031-12036.

Korenberg, J. R. (1990). Molecular mapping of the Down syndrome phenotype. Prog Clin
Biol Res 360, 105-115.

Korenberg, J. R. (1993). Toward a molecular understanding of Down syndrome. Prog Clin
Biol Res 384, 87-115.

Kurt, M. A., Davies, D. C,, Kidd, M., Dierssen, M., and Florez, J. (2000). Synaptic deficit in
the temporal cortex of partial trisomy 16 (Ts65Dn) mice. Brain Res 858, 191-197.

Kwak, Y. D., Dantuma, E., Merchant, S., Bushnev, S., and Sugaya, K. (2010). Amyloid-beta
precursor protein induces glial differentiation of neural progenitor cells by
activation of the IL-6/gp130 signaling pathway. Neurotox Res 18, 328-338.

Kwak, Y. D., Marutle, A., Dantuma, E., Merchant, S., Bushnev, S., and Sugaya, K. (2011).
Involvement of notch signaling pathway in amyloid precursor protein induced
glial differentiation. Eur ] Pharmacol 650, 18-27.

Lambert, M. P., Barlow, A. K., Chromy, B. A., Edwards, C., Freed, R., Liosatos, M., Morgan,
T. E., Rozovsky, 1., Trommer, B., Viola, K. L., et al. (1998). Diffusible, nonfibrillar
ligands derived from Abetal-42 are potent central nervous system neurotoxins.
Proc Natl Acad Sci U S A 95, 6448-6453.

Leclerc, E., Sturchler, E., and Vetter, S. W. (2010). The S100B/RAGE Axis in Alzheimer's
Disease. Cardiovasc Psychiatry Neurol 2010, 539581.

Lee, J. Y., Lee, H. J., Lee, E. ], Jang, S. H., Kim, H., Yoon, J. H., and Chung, K. C. (2009).
Down syndrome candidate region-1 protein interacts with Tollip and positively
modulates interleukin-1 receptor-mediated signaling. Biochim Biophys Acta 1790,
1673-1680.

Leeuwen, F. N., Kain, H. E., Kammen, R. A., Michiels, F., Kranenburg, O. W., and Collard, J.
G. (1997). The guanine nucleotide exchange factor Tiaml affects neuronal
morphology; opposing roles for the small GTPases Rac and Rho. J Cell Biol 139,
797-807.

Li, C, Zhao, R., Gao, K., Wei, Z,, Yin, M. Y., Lau, L. T., Chui, D., and Hoi Yu, A. C. (2011).
Astrocytes: implications for neuroinflammatory pathogenesis of Alzheimer's
disease. Curr Alzheimer Res 8, 67-80.

Li, C. M., Guo, M., Salas, M., Schupf, N., Silverman, W., Zigman, W. B., Husain, S.,
Warburton, D., Thaker, H., and Tycko, B. (2006). Cell type-specific over-expression
of chromosome 21 genes in fibroblasts and fetal hearts with trisomy 21. BMC Med
Genet 7, 24.

Lin, J., Blake, M., Tang, C., Zimmer, D., Rustandi, R. R., Weber, D. J., and Carrier, F. (2001).
Inhibition of p53 transcriptional activity by the S100B calcium-binding protein. J
Biol Chem 276, 35037-35041.

Liu, H., Hu, Q., D'Ercole A, J.,, and Ye, P. (2009). Histone deacetylase 11 regulates
oligodendrocyte-specific gene expression and cell development in OL-1
oligodendroglia cells. Glia 57, 1-12.

Liu, J., and Casaccia, P. (2010). Epigenetic regulation of oligodendrocyte identity. Trends
Neurosci 33, 193-201.

www.intechopen.com



58 Genetics and Etiology of Down Syndrome

Lorenzi, H. A., and Reeves, R. H. (2006). Hippocampal hypocellularity in the Ts65Dn mouse
originates early in development. Brain Res 1104, 153-159.

Lott, I. T.,, and Dierssen, M. (2010). Cognitive deficits and associated neurological
complications in individuals with Down's syndrome. Lancet Neurol 9, 623-633.

Lott, I. T., Head, E., Doran, E., and Busciglio, ]. (2006). Beta-amyloid, oxidative stress and
down syndrome. Curr Alzheimer Res 3, 521-528.

Lu, Q. R, Sun, T., Zhu, Z., Ma, N., Garcia, M., Stiles, C. D., and Rowitch, D. H. (2002).
Common developmental requirement for Olig function indicates a motor
neuron/oligodendrocyte connection. Cell 109, 75-86.

Lubec, G., and Sohn, S. Y. (2003). RNA microarray analysis of channels and transporters in
normal and fetal Down syndrome (trisomy 21) brain. ] Neural Transm Suppl, 215-
224,

Lyle, R., Bena, F., Gagos, S., Gehrig, C., Lopez, G., Schinzel, A., Lespinasse, J., Bottani, A.,
Dahoun, S., Taine, L., et al. (2009). Genotype-phenotype correlations in Down
syndrome identified by array CGH in 30 cases of partial trisomy and partial
monosomy chromosome 21. Eur ] Hum Genet 17, 454-466.

Manczak, M., Anekonda, T. S., Henson, E., Park, B. S., Quinn, J., and Reddy, P. H. (2006).
Mitochondria are a direct site of A beta accumulation in Alzheimer's disease
neurons: implications for free radical generation and oxidative damage in disease
progression. Hum Mol Genet 15, 1437-1449.

Mao, R., Wang, X., Spitznagel, E. L., Jr., Frelin, L. P.,, Ting, J. C,, Ding, H., Kim, J. W,,
Ruczinski, I, Downey, T. J.,, and Pevsner, ]J. (2005). Primary and secondary
transcriptional effects in the developing human Down syndrome brain and heart.
Genome Biol 6, R107.

Mao, R., Zielke, C. L., Zielke, H. R., and Pevsner, ]J. (2003). Global up-regulation of
chromosome 21 gene expression in the developing Down syndrome brain.
Genomics 81, 457-467.

Marshall, C. A., Novitch, B. G., and Goldman, J. E. (2005). Olig2 directs astrocyte and
oligodendrocyte formation in postnatal subventricular zone cells. ] Neurosci 25,
7289-7298.

Matsuo, N., Hoshino, M., Yoshizawa, M., and Nabeshima, Y. (2002). Characterization of
STEF, a guanine nucleotide exchange factor for Racl, required for neurite growth. J
Biol Chem 277, 2860-2868.

McCormick, M. K., Schinzel, A., Petersen, M. B., Stetten, G., Driscoll, D. J., Cantu, E. S.,
Tranebjaerg, L., Mikkelsen, M., Watkins, P. C.,, and Antonarakis, S. E. (1989).
Molecular genetic approach to the characterization of the "Down syndrome region"
of chromosome 21. Genomics 5, 325-331.

Menendez, M. (2005). Down syndrome, Alzheimer's disease and seizures. Brain Dev 27, 246-
252.

Mensah, A., Mulligan, C., Linehan, J., Ruf, S., O'Doherty, A., Grygalewicz, B., Shipley, ]J.,
Groet, J., Tybulewicz, V., Fisher, E., et al. (2007). An additional human chromosome
21 causes suppression of neural fate of pluripotent mouse embryonic stem cells in a
teratoma model. BMC Dev Biol 7, 131.

Mihara, M., Erster, S., Zaika, A., Petrenko, O., Chittenden, T., Pancoska, P., and Moll, U. M.
(2003). p53 has a direct apoptogenic role at the mitochondria. Mol Cell 11, 577-590.

www.intechopen.com



Combinatorial Gene Effects on the Neural Progenitor Pool in Down Syndrome 59

Mio, Y., Shim, Y. H., Richards, E., Bosnjak, Z. J., Pagel, P. S., and Bienengraeber, M. (2009).
Xenon preconditioning: the role of prosurvival signaling, mitochondrial
permeability transition and bioenergetics in rats. Anesth Analg 108, 858-866.

Moldrich, R. X., Dauphinot, L., Laffaire, J., Vitalis, T., Herault, Y., Beart, P. M., Rossier, J.,
Vivien, D., Gehrig, C., Antonarakis, S. E., et al. (2009). Proliferation deficits and gene
expression dysregulation in Down's syndrome (Ts1Cje) neural progenitor cells
cultured from neurospheres. ] Neurosci Res §7, 3143-3152.

Mori, T., Koyama, N., Arendash, G. W., Horikoshi-Sakuraba, Y., Tan, ]J., and Town, T. (2010).
Overexpression of human S100B exacerbates cerebral amyloidosis and gliosis in the
Tg2576 mouse model of Alzheimer's disease. Glia 58, 300-314.

Motte, J., and Williams, R. S. (1989). Age-related changes in the density and morphology of
plaques and neurofibrillary tangles in Down syndrome brain. Acta Neuropathol 77,
535-546.

O'Doherty, A., Ruf, S., Mulligan, C., Hildreth, V., Errington, M. L., Cooke, S., Sesay, A.,
Modino, S., Vanes, L., Hernandez, D., et al. (2005). An aneuploid mouse strain
carrying human chromosome 21 with Down syndrome phenotypes. Science 309,
2033-2037.

Olson, L. E., Richtsmeier, J. T., Leszl, J., and Reeves, R. H. (2004a). A chromosome 21 critical
region does not cause specific Down syndrome phenotypes. Science 306, 687-690.

Olson, L. E., Roper, R. ], Baxter, L. L., Carlson, E. J., Epstein, C. J., and Reeves, R. H. (2004b).
Down syndrome mouse models Ts65Dn, Ts1Cje, and Ms1Cje/Ts65Dn exhibit
variable severity of cerebellar phenotypes. Dev Dyn 230, 581-589.

Ono, K., Takebayashi, H., Ikeda, K., Furusho, M., Nishizawa, T., Watanabe, K., and Ikenaka,
K. (2008). Regional- and temporal-dependent changes in the differentiation of Olig2
progenitors in the forebrain, and the impact on astrocyte development in the dorsal
pallium. Dev Biol 320, 456-468.

Ooi, S. K., Qiu, C., Bernstein, E., Li, K, Jia, D., Yang, Z., Erdjument-Bromage, H., Tempst, P.,
Lin, S. P., Allis, C. D., et al. (2007). DNMT3L connects unmethylated lysine 4 of
histone H3 to de novo methylation of DNA. Nature 448, 714-717.

Park, J., Oh, Y., Yoo, L., Jung, M. S,, Song, W. ], Lee, S. H., Seo, H., and Chung, K. C. (2010).
Dyrk1A phosphorylates p53 and inhibits proliferation of embryonic neuronal cells.
] Biol Chem 285, 31895-31906.

Park, J., Yang, E. J.,, Yoon, J. H., and Chung, K. C. (2007). DyrklA overexpression in
immortalized hippocampal cells produces the neuropathological features of Down
syndrome. Mol Cell Neurosci 36, 270-279.

Perez-Cremades, D., Hernandez, S., Blasco-Ibanez, J. M., Crespo, C., Nacher, J., and Varea,
E. (2010). Alteration of inhibitory circuits in the somatosensory cortex of Ts65Dn
mice, a model for Down's syndrome. ] Neural Transm 117, 445-455.

Porta, S., Serra, S. A., Huch, M., Valverde, M. A., Llorens, F., Estivill, X., Arbones, M. L., and
Marti, E. (2007). RCAN1 (DSCR1) increases neuronal susceptibility to oxidative
stress: a potential pathogenic process in neurodegeneration. Hum Mol Genet 16,
1039-1050.

Prasher, V. P., Farrer, M. ]., Kessling, A. M., Fisher, E. M., West, R. ]., Barber, P. C.,, and
Butler, A. C. (1998). Molecular mapping of Alzheimer-type dementia in Down's
syndrome. Ann Neurol 43, 380-383.

www.intechopen.com



60 Genetics and Etiology of Down Syndrome

Rahmani, Z., Blouin, J. L., Creau-Goldberg, N., Watkins, P. C., Mattei, J. F., Poissonnier, M.,
Prieur, M., Chettouh, Z., Nicole, A., Aurias, A., and et al. (1989). Critical role of the
D21S55 region on chromosome 21 in the pathogenesis of Down syndrome. Proc
Natl Acad Sci U S A 86, 5958-5962.

Reeves, R. H., Yao, J., Crowley, M. R,, Buck, S., Zhang, X., Yarowsky, P., Gearhart, J. D., and
Hilt, D. C. (1994). Astrocytosis and axonal proliferation in the hippocampus of
S100b transgenic mice. Proc Natl Acad Sci U S A 91, 5359-5363.

Reymond, A., Marigo, V., Yaylaoglu, M. B., Leoni, A., Ucla, C., Scamuffa, N., Caccioppoli,
C., Dermitzakis, E. T., Lyle, R, Banfi, S., et al. (2002). Human chromosome 21 gene
expression atlas in the mouse. Nature 420, 582-586.

Reynolds, G. P., and Warner, C. E. (1988). Amino acid neurotransmitter deficits in adult
Down's syndrome brain tissue. Neurosci Lett 94, 224-227.

Risser, D., Lubec, G., Cairns, N., and Herrera-Marschitz, M. (1997). Excitatory amino acids
and monoamines in parahippocampal gyrus and frontal cortical pole of adults with
Down syndrome. Life Sci 60, 1231-1237.

Ronan, A., Fagan, K., Christie, L., Conroy, J., Nowak, N. J., and Turner, G. (2007). Familial
4.3 Mb duplication of 21q22 sheds new light on the Down syndrome critical region.
] Med Genet 44, 448-451.

Ross, M. H., Galaburda, A. M., and Kemper, T. L. (1984). Down's syndrome: is there a
decreased population of neurons? Neurology 34, 909-916.

Rovelet-Lecrux, A., Hannequin, D., Raux, G., Le Meur, N., Laquerriere, A., Vital, A,
Dumanchin, C., Feuillette, S., Brice, A., Vercelletto, M., et al. (2006). APP locus
duplication causes autosomal dominant early-onset Alzheimer disease with
cerebral amyloid angiopathy. Nat Genet 38, 24-26.

Rozovski, U., Jonish-Grossman, A., Bar-Shira, A., Ochshorn, Y., Goldstein, M., and Yaron, Y.
(2007). Genome-wide expression analysis of cultured trophoblast with trisomy 21
karyotype. Hum Reprod 22, 2538-2545.

Ryoo, S. R., Jeong, H. K., Radnaabazar, C., Yoo, J. J., Cho, H. J., Lee, H. W., Kim, I. S., Cheon,
Y. H, Ahn, Y. S, Chung, S. H.,, and Song, W. J. (2007). DYRK1A-mediated
hyperphosphorylation of Tau. A functional link between Down syndrome and
Alzheimer disease. ] Biol Chem 282, 34850-34857.

Sago, H., Carlson, E. J., Smith, D. J., Kilbridge, J., Rubin, E. M., Mobley, W. C., Epstein, C. .,
and Huang, T. T. (1998). Ts1Cje, a partial trisomy 16 mouse model for Down
syndrome, exhibits learning and behavioral abnormalities. Proc Natl Acad Sci U S
A 95, 6256-6261.

Saito, Y., Oka, A., Mizuguchi, M., Motonaga, K., Mori, Y., Becker, L. E., Arima, K., Miyauchi,
J., and Takashima, S. (2000). The developmental and aging changes of Down's
syndrome cell adhesion molecule expression in normal and Down's syndrome
brains. Acta Neuropathol 100, 654-664.

Salehi, A., Delcroix, J. D., Belichenko, P. V., Zhan, K., Wu, C., Valletta, J. S., Takimoto-
Kimura, R., Kleschevnikov, A. M., Sambamurti, K., Chung, P. P., et al. (2006).
Increased App expression in a mouse model of Down's syndrome disrupts NGF
transport and causes cholinergic neuron degeneration. Neuron 51, 29-42.

Sanchez-Font, M. F., Bosch-Comas, A., Gonzalez-Duarte, R.,, and Marfany, G. (2003).
Overexpression of FABP7 in Down syndrome fetal brains is associated with
PKNOX1 gene-dosage imbalance. Nucleic Acids Res 31, 2769-2777.

www.intechopen.com



Combinatorial Gene Effects on the Neural Progenitor Pool in Down Syndrome 61

Saran, N. G., Pletcher, M. T., Natale, J. E., Cheng, Y., and Reeves, R. H. (2003). Global
disruption of the cerebellar transcriptome in a Down syndrome mouse model.
Hum Mol Genet 12, 2013-2019.

Scotto, C., Delphin, C., Deloulme, J. C., and Baudier, J. (1999). Concerted regulation of wild-
type p53 nuclear accumulation and activation by S100B and calcium-dependent
protein kinase C. Mol Cell Biol 19, 7168-7180.

Seidl, R., Bidmon, B., Bajo, M., Yoo, P. C., Cairns, N., LaCasse, E. C., and Lubec, G. (2001).
Evidence for apoptosis in the fetal Down syndrome brain. ] Child Neurol 16, 438-
442.

Selinfreund, R. H., Barger, S. W., Pledger, W. ]., and Van Eldik, L. J. (1991). Neurotrophic
protein S100 beta stimulates glial cell proliferation. Proc Natl Acad Sci U S A 88,
3554-3558.

Shen, S., Li, J.,, and Casaccia-Bonnefil, P. (2005). Histone modifications affect timing of
oligodendrocyte progenitor differentiation in the developing rat brain. J Cell Biol
169, 577-5809.

Shim, K. S., Ferrando-Miguel, R., and Lubec, G. (2003). Aberrant protein expression of
transcription factors BACH1 and ERG, both encoded on chromosome 21, in brains
of patients with Down syndrome and Alzheimer's disease. ] Neural Transm Suppl,
39-49.

Shukkur, E. A., Shimohata, A., Akagi, T., Yu, W., Yamaguchi, M., Murayama, M., Chui, D.,
Takeuchi, T., Amano, K., Subramhanya, K. H. et al. (2006). Mitochondrial
dysfunction and tau hyperphosphorylation in Ts1Cje, a mouse model for Down
syndrome. Hum Mol Genet 15, 2752-2762.

Siarey, R. J., Stoll, J., Rapoport, S. 1., and Galdzicki, Z. (1997). Altered long-term potentiation
in the young and old Ts65Dn mouse, a model for Down Syndrome.
Neuropharmacology 36, 1549-1554.

Siarey, R. ]., Villar, A. ]., Epstein, C. J., and Galdzicki, Z. (2005). Abnormal synaptic plasticity
in the TslCje segmental trisomy 16 mouse model of Down syndrome.
Neuropharmacology 49, 122-128.

Siddiqui, A., Lacroix, T., Stasko, M. R., Scott-McKean, J. J., Costa, A. C., and Gardiner, K. J.
(2008). Molecular responses of the Ts65Dn and Ts1Cje mouse models of Down
syndrome to MK-801. Genes Brain Behav 7, 810-820.

Smigielska-Kuzia, J., Bockowski, L., Sobaniec, W., Kulak, W., and Sendrowski, K. (2010).
Amino acid metabolic processes in the temporal lobes assessed by proton magnetic
resonance spectroscopy (1H MRS) in children with Down syndrome. Pharmacol
Rep 62, 1070-1077.

Smith, D. J., Stevens, M. E., Sudanagunta, S. P., Bronson, R. T., Makhinson, M., Watabe, A.
M., ODell, T. J., Fung, J.,, Weier, H. U.,, Cheng, ]J. F., and Rubin, E. M. (1997).
Functional screening of 2 Mb of human chromosome 21q22.2 in transgenic mice
implicates minibrain in learning defects associated with Down syndrome. Nat
Genet 16, 28-36.

Subramaniam, N., Treuter, E., and Okret, S. (1999). Receptor interacting protein RIP140
inhibits both positive and negative gene regulation by glucocorticoids. ] Biol Chem
274,18121-18127.

www.intechopen.com



62 Genetics and Etiology of Down Syndrome

Suetake, 1., Shinozaki, F., Miyagawa, J., Takeshima, H., and Tajima, S. (2004). DNMT3L
stimulates the DNA methylation activity of Dnmt3a and Dnmt3b through a direct
interaction. | Biol Chem 279, 27816-27823.

Sun, X., Wu, Y., Chen, B., Zhang, Z., Zhou, W., Tong, Y., Yuan, J., Xia, K., Gronemeyer, H.,
Flavell, R. A., and Song, W. (2011). Regulator of calcineurin 1 (RCANT1) facilitates
neuronal apoptosis through caspase 3 activation. ] Biol Chem 286, 9049-9062.

Tabu, K., Ohnishi, A., Sunden, Y., Suzuki, T., Tsuda, M., Tanaka, S., Sakai, T., Nagashima,
K., and Sawa, H. (2006). A novel function of OLIG2 to suppress human glial tumor
cell growth via p27Kip1 transactivation. ] Cell Sci 119, 1433-1441.

Takebayashi, H., Ohtsuki, T., Uchida, T., Kawamoto, S., Okubo, K., Ikenaka, K., Takeichi,
M., Chisaka, O., and Nabeshima, Y. (2002). Non-overlapping expression of Olig3
and Olig?2 in the embryonic neural tube. Mech Dev 113, 169-174.

Takuma, K., Fang, F., Zhang, W., Yan, S., Fukuzaki, E., Du, H., Sosunov, A., McKhann, G.,
Funatsu, Y., Nakamichi, N., et al. (2009). RAGE-mediated signaling contributes to
intraneuronal transport of amyloid-beta and neuronal dysfunction. Proc Natl Acad
Sci U S A 106, 20021-20026.

Tang, Y., Schapiro, M. B., Franz, D. N., Patterson, B. J., Hickey, F. J., Schorry, E. K., Hopkin,
R.J., Wylie, M., Narayan, T., Glauser, T. A., et al. (2004). Blood expression profiles
for tuberous sclerosis complex 2, neurofibromatosis type 1, and Down's syndrome.
Ann Neurol 56, 808-814.

Tatsumi, K., Takebayashi, H.,, Manabe, T., Tanaka, K. F., Makinodan, M., Yamauchi, T.,
Makinodan, E., Matsuyoshi, H., Okuda, H., Ikenaka, K., and Wanaka, A. (2008).
Genetic fate mapping of Olig2 progenitors in the injured adult cerebral cortex
reveals preferential differentiation into astrocytes. ] Neurosci Res 86, 3494-3502.

Teyssier, C., Belguise, K., Galtier, F., Cavailles, V., and Chalbos, D. (2003). Receptor-
interacting protein 140 binds c-Jun and inhibits estradiol-induced activator protein-
1 activity by reversing glucocorticoid receptor-interacting protein 1 effect. Mol
Endocrinol 17, 287-299.

Thomas, S., Thiery, E., Aflalo, R., Vayssettes, C., Verney, C., Berthuy, 1., and Creau, N.
(2003). PCP4 is highly expressed in ectoderm and particularly in neuroectoderm
derivatives during mouse embryogenesis. Gene Expr Patterns 3, 93-97.

Tolias, K. F., Bikoff, J. B., Burette, A., Paradis, S., Harrar, D., Tavazoie, S., Weinberg, R. J.,
and Greenberg, M. E. (2005). The Rac1-GEF Tiam1 couples the NMDA receptor to
the activity-dependent development of dendritic arbors and spines. Neuron 45,
525-538.

Tolias, K. F., Bikoff, J. B., Kane, C. G,, Tolias, C. S., Hu, L., and Greenberg, M. E. (2007). The
Racl guanine nucleotide exchange factor Tiam1 mediates EphB receptor-dependent
dendritic spine development. Proc Natl Acad Sci U S A 104, 7265-7270.

Trazzi, S., Mitrugno, V. M., Valli, E., Fuchs, C,, Rizzi, S., Guidi, S., Perini, G., Bartesaghi, R.,
and Ciani, E. (2011). APP-dependent up-regulation of Ptchl underlies proliferation
impairment of neural precursors in Down syndrome. Hum Mol Genet 20, 1560-
1573.

Utal, A. K, Stopka, A. L, Roy, M., and Coleman, P. D. (1998). PEP-19
immunohistochemistry defines the basal ganglia and associated structures in the
adult human brain, and is dramatically reduced in Huntington's disease.
Neuroscience 86, 1055-1063.

www.intechopen.com



Combinatorial Gene Effects on the Neural Progenitor Pool in Down Syndrome 63

Van Eldik, L. J.,, and Wainwright, M. S. (2003). The Janus face of glial-derived S100B:
beneficial and detrimental functions in the brain. Restor Neurol Neurosci 21, 97-
108.

Vialard, F., Toyama, K., Vernoux, S., Carlson, E. J., Epstein, C. ]., Sinet, P. M., and Rahmani,
Z. (2000). Overexpression of mSim2 gene in the zona limitans of the diencephalon
of segmental trisomy 16 Ts1Cje fetuses, a mouse model for trisomy 21: a novel
whole-mount based RNA hybridization study. Brain Res Dev Brain Res 121, 73-78.

Voronov, S. V., Frere, S. G., Giovedi, S., Pollina, E. A., Borel, C., Zhang, H., Schmidt, C.,
Akeson, E. C.,, Wenk, M. R., Cimasoni, L., et al. (2008). Synaptojanin 1-linked
phosphoinositide dyshomeostasis and cognitive deficits in mouse models of
Down's syndrome. Proc Natl Acad Sci U S A 105, 9415-9420.

Weitzdoerfer, R., Dierssen, M., Fountoulakis, M., and Lubec, G. (2001). Fetal life in Down
syndrome starts with normal neuronal density but impaired dendritic spines and
synaptosomal structure. ] Neural Transm Suppl, 59-70.

Whittle, N., Sartori, S. B., Dierssen, M., Lubec, G., and Singewald, N. (2007). Fetal Down
syndrome brains exhibit aberrant levels of neurotransmitters critical for normal
brain development. Pediatrics 120, €1465-1471.

Wisniewski, K. E. (1990). Down syndrome children often have brain with maturation delay,
retardation of growth, and cortical dysgenesis. Am ] Med Genet Suppl 7, 274-281.

Wisniewski, K. E., Laure-Kamionowska, M., and Wisniewski, H. M. (1984). Evidence of
arrest of neurogenesis and synaptogenesis in brains of patients with Down's
syndrome. N Engl ] Med 311, 1187-1188.

Wisniewski, K. E., and Schmidt-Sidor, B. (1989). Postnatal delay of myelin formation in
brains from Down syndrome infants and children. Clin Neuropathol 8, 55-62.

Wolvetang, E. J., Wilson, T. J., Sanij, E., Busciglio, J., Hatzistavrou, T., Seth, A., Hertzog, P. J.,
and Kola, I. (2003a). ETS2 overexpression in transgenic models and in Down
syndrome predisposes to apoptosis via the p53 pathway. Hum Mol Genet 12, 247-
255.

Wolvetang, E. W., Bradfield, O. M., Tymms, M., Zavarsek, S., Hatzistavrou, T., Kola, L., and
Hertzog, P. J. (2003b). The chromosome 21 transcription factor ETS2 transactivates
the beta-APP promoter: implications for Down syndrome. Biochim Biophys Acta
1628, 105-110.

Woods, Y. L., Rena, G., Morrice, N., Barthel, A., Becker, W., Guo, S., Unterman, T. G., and
Cohen, P. (2001). The kinase DYRK1A phosphorylates the transcription factor
FKHR at Ser329 in vitro, a novel in vivo phosphorylation site. Biochem J 355, 597-
607.

Yabut, O., Domogauer, J., and D'Arcangelo, G. (2010). DyrklA overexpression inhibits
proliferation and induces premature neuronal differentiation of neural progenitor
cells. ] Neurosci 30, 4004-4014.

Yamakawa, K., Huot, Y. K., Haendelt, M. A., Hubert, R., Chen, X. N., Lyons, G. E., and
Korenberg, J. R. (1998). DSCAM: a novel member of the immunoglobulin
superfamily maps in a Down syndrome region and is involved in the development
of the nervous system. Hum Mol Genet 7, 227-237.

Yang, E. ], Ahn, Y. S, and Chung, K. C. (2001). Protein kinase Dyrkl activates cAMP
response element-binding protein during neuronal differentiation in hippocampal
progenitor cells. ] Biol Chem 276, 39819-39824.

www.intechopen.com



64 Genetics and Etiology of Down Syndrome

Yankner, B. A, and Lu, T. (2009). Amyloid beta-protein toxicity and the pathogenesis of
Alzheimer disease. ] Biol Chem 284, 4755-4759.

Ye, F., Chen, Y., Hoang, T., Montgomery, R. L., Zhao, X. H., Bu, H.,, Hu, T., Taketo, M. M.,
van Es, ]J. H. Clevers, H. et al. (2009). HDAC1 and HDAC2 regulate
oligodendrocyte differentiation by disrupting the beta-catenin-TCF interaction. Nat
Neurosci 12, 829-838.

Yu, Y., Chu, P. Y., Bowser, D. N., Keating, D. J., Dubach, D., Harper, 1., Tkalcevic, J.,
Finkelstein, D. L., and Pritchard, M. A. (2008). Mice deficient for the chromosome 21
ortholog Itsnl exhibit vesicle-trafficking abnormalities. Hum Mol Genet 17, 3281-
3290.

Zhou, Q., and Anderson, D. J. (2002). The bHLH transcription factors OLIG2 and OLIG1
couple neuronal and glial subtype specification. Cell 109, 61-73.

www.intechopen.com



Genetics and Etiology of Down Syndrome
Edited by Prof. Subrata Dey

GENETICS AND ETIOLOGY OF
DOWN SYNDROME

Edied by Subrata Dey

ISBN 978-953-307-631-7

Hard cover, 328 pages

Publisher InTech

Published online 29, August, 2011
Published in print edition August, 2011

This book provides a concise yet comprehensive source of current information on Down syndrome. Research
workers, scientists, medical graduates and paediatricians will find it an excellent source for reference and
review. This book has been divided into four sections, beginning with the Genetics and Etiology and ending
with Prenatal Diagnosis and Screening. Inside, you will find state-of-the-art information on: 1. Genetics and
Etiology 2. Down syndrome Model 3. Neurologic, Urologic, Dental & Allergic disorders 4. Prenatal Diagnosis
and Screening Whilst aimed primarily at research workers on Down syndrome, we hope that the appeal of this
book will extend beyond the narrow confines of academic interest and be of interest to a wider audience,
especially parents and relatives of Down syndrome patients.

How to reference
In order to correctly reference this scholarly work, feel free to copy and paste the following:

Jie Lu and Volney Sheen (2011). Combinatorial Gene Effects on the Neural Progenitor Pool in Down
Syndrome, Genetics and Etiology of Down Syndrome, Prof. Subrata Dey (Ed.), ISBN: 978-953-307-631-7,
InTech, Available from: http://www.intechopen.com/books/genetics-and-etiology-of-down-
syndrome/combinatorial-gene-effects-on-the-neural-progenitor-pool-in-down-syndrome

INTECH

open science | open minds

InTech Europe InTech China

University Campus STeP Ri Unit 405, Office Block, Hotel Equatorial Shanghai

Slavka Krautzeka 83/A No.65, Yan An Road (West), Shanghai, 200040, China

51000 Rijeka, Croatia FE BHIERFARK6SS HiBEFR R ARIRE I AE40582TT
Phone: +385 (51) 770 447 Phone: +86-21-62489820

Fax: +385 (51) 686 166 Fax: +86-21-62489821

www.intechopen.com



© 2011 The Author(s). Licensee IntechOpen. This chapter is distributed
under the terms of the Creative Commons Attribution-NonCommercial-
ShareAlike-3.0 License, which permits use, distribution and reproduction for
non-commercial purposes, provided the original is properly cited and

derivative works building on this content are distributed under the same
license.




