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Abstract Human trisomy 21, the chromosomal basis of
Down syndrome (DS), is the most common genetic cause
of heart defects. Regions on human chromosome 21
(Hsa2l) are syntenically conserved with three regions
located on mouse chromosome 10 (Mmul0), Mmul6 and
Mmul7. In this study, we have analyzed the impact of
duplications of each syntenic region on cardiovascular
development in mice and have found that only the duplica-
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tion on Mmul®é, i.e., Dp(16)1Yey, is associated with heart
defects. Furthermore, we generated two novel mouse mod-
els carrying a 5.43-Mb duplication and a reciprocal deletion
between Tiaml and Kcnj6 using chromosome engineering,
Dp(16Tiami-Kcnj6)Yey/+ and Df(16TiamI-Kcnj6)Yey/+,
respectively, within the 22.9-Mb syntenic region on
Mmul6. We found that Dp(16Tiam1-Kcnj6)Yey/+, but not
Dp(16)1Yey/Df(16Tiaml1-Kcnj6)Yey, resulted in heart
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defects, indicating that triplication of the TiamlI-Knj6
region is necessary and sufficient to cause DS-associated
heart defects. Our transcriptional analysis of Dp(16Tiam1-
Kcnj6)Yey/+ embryos confirmed elevated expression levels
for the genes located in the Tiam-Kcnj6 region. Therefore,
we established the smallest critical genomic region for DS-
associated heart defects to lay the foundation for identify-
ing the causative gene(s) for this phenotype.

Introduction

Congenital heart disease is a serious public health chal-
lenge. The survival rate of patients with heart defects has
increased drastically with improved medical care (Bedard
et al. 2008; Marelli et al. 2009; Pillutla et al. 2009; Wil-
liams et al. 2006). Nevertheless, their life expectancy only
reaches ~50 years of age (Daliento et al. 2002; Pillutla
etal. 2009; Verheugt et al. 2010). A major investigative
effort on congenital heart defects is to understand the
molecular genetic mechanisms underlying abnormal car-
diovascular development, which may lead to a paradigm
shift for developing novel therapies for patients with con-
genital heart disease.

DS is the most common genetic cause of heart defects,
which are detected in 40—-60% of children with DS (Abbag
2006; Chaoui et al. 2005; Goodship et al. 1998; Roizen and
Patterson 2003; Roofthooft et al. 2008; Rowe and Uchida
1961; Torfs and Christianson 1998). Experimental evidence
supports the hypothesis that some DS phenotypes are
caused by the triplication of specific genes on Hsa2l
(Epstein 1990). To identify genomic regions that contain
the critical genes associated with DS phenotypes, several
groups have examined human segmental trisomies. In these
studies, data generated from patients segmentally trisomic
for Hsa21 were used to map genomic regions associated
with DS phenotypes, including heart defects. Unfortu-
nately, some patients carried additional chromosomal
anomalies (Korbel et al. 2009; Korenberg et al. 1994; Lyle
et al. 2009; Sinet et al. 1994), which complicates interpreta-
tion of the genotype—phenotype correlations. Because of
these difficulties, mice have been used in genetic studies of
DS because the regions on Hsa2l are syntenically con-
served with three regions in the mouse genome located on
Mmul0, Mmul6 and Mmul7 (Fig. 1). One group of mod-
els consists of mosaic mouse mutants carrying Hsa2l or a
fragment of it (O’Doherty etal. 2005; Shinohara et al.
2001). The Tcl mouse model, which carries Hsa21 with
only two small deletions in which approximately 8% of
Hsa21 genes are deleted, exhibits heart defects (Dunlevy
etal. 2010; O’Doherty et al. 2005). The other group of
models carries three exact copies of mouse syntenic regions
of Hsa21 in various sizes. Ts65Dn, the most widely used
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Fig. 1 Genomic dissection of DS-associated heart defects in mice

model (Davisson et al. 1990; Reeves et al. 1995), is triso-
mic for 13.4 Mb of the 22.9 Mb Hsa21 syntenic region on
Mmul6 (Fig. 1) (Akeson et al. 2001; Kahlem et al. 2004)
and exhibits some major DS phenotypes, including heart
defects (Moore 2006; Williams et al. 2008). However,
Ts65Dn is also trisomic for a larger than 5.8 Mb subcentro-
meric region on Mmul7, which is not syntenic to any
region on Hsa21 and may contribute to the cardiovascular
phenotype (Li etal. 2007). To better mimic DS using
mouse segmental trisomies, we have recently developed
new mouse models, Dp(10)lYey/+, Dp(16)1Yey/+ and
Dp(17)1Yeyl/+, carrying individual duplications spanning
the entire Hsa21 syntenic regions on Mmul0, Mmu16 and
Mmul7, respectively (Fig. 1) (Li etal. 2007; Yu etal.
2010). We have showed that both Dp(16)1Yey/+ and
Dp(10)1Yey/+; Dp(16)1Yey/+; Dp(17)1Yey/+ genotypes
led to heart defects with a similar frequency (Li et al. 2007;
Yu et al. 2010).

In the current project, we are focused on identifying a
minimal critical genomic region for DS-associated heart
defects. We examined the impact of Dp(10)IYey/+ and
Dp(17)1Yey/+ on heart development and after we found
that Mmu16 is the only mouse chromosome associated with
heart defects in DS, we generated and analyzed
Dp(16Tiamli-Kcnj6)Yey/+ and Dp(16)1Yey/Df(16Tiaml-
Kcnj6)Yey embryos. After we observed heart defects in
Dp(16Tiam1-Kcnj6)Yey/+ embryos, we performed expres-
sion analysis on the mutant embryos and identified the
genes with elevated expression in the duplicated region.
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Materials and methods

Generation of mouse mutants carrying
Dp(16Tiam1-Kcnj6)Yey or Df(16TiamI-Kcnj6)Yey

We generated Dp(16TiamlI-Kcnj6)Yey/Df(16Tiaml-Kcnj6)
Yey ES cells using Cre/loxP-mediated chromosome
engineering (Yu and Bradley 2001). MICER vectors
(Adams et al. 2004) were used as the targeting vectors
(pTVTiaml and pTVKcnj6) for inserting loxP to the
endpoint 1 (EP1) and EP2, which are 403-kb proximal
and 155-kb distal to the coding regions of Tiaml and
Kcnj6, respectively, in AB2.2 ES cells (Bradley et al.
1998). pTVTiaml and pTVKcnj6 were linearized with
restriction enzymes EcoNI and Bael at the mouse
genome homologous regions in the vectors, respectively,
before electroporations. Eight double-targeted ES cell
clones were isolated. A Cre-expression vector, pOG231
(O’Gorman et al. 1997), was transfected into double-tar-
geted ES cells to induce recombination between targeted
loxP sites, which led to duplication and reciprocal dele-
tion. The duplication was designated as Dp(16Tiaml-
Kcnj6)Yey, abbreviated as Dp(16)2Yey or Ts4Yey. The
deletion was designated as Df{16TiamlI-Kcnj6)Yey,
abbreviated as Df(16)2Yey or Ms3Yey. Gene targeting
as well as chromosomal rearrangements was confirmed
by Southern blot analysis of ES cell DNA. The presence
of Dp(16)2Yey and Df(16)2Yey was also confirmed by
FISH (see below). The ES cells carrying the desired
genomic rearrangements were microinjected into
blastocysts that were isolated from albino C57B6/J-Tyr"2
females to generate germ-line transmitting chimeras.
The procedural details of ES cell culture, gene targeting
and induction of Cre/loxP-mediated recombination,
Southern blot analysis and injection of ES cells
into blastocysts were described previously (Bradley
1987; Bradley et al. 1998; Ramirez-Solis et al. 1993,
1995).

Fluorescent in situ hybridization

FISH analysis was performed, as described previously (Yu
et al. 2006). The metaphase chromosome spreads and inter-
phase nuclei of ES cells were prepared, as described previ-
ously (Robertson 1987). To detect the chromosomal
deletion and duplication between Tiaml and Kcnj6, BAC
clone RP23-280L21 was labeled with digoxigenin and
detected with anti-digoxigenin-rhodamine antibody. BAC
clone RP23-81D13 was used to identify Mmul6 and
labeled with biotin and detected with fluorescin isothiocya-
nate-avidin (Fig. 2c, d). Chromosomes were counter-
stained with DAPI (4',6'-diamidino-2-2phenylindole)
(Fig. 24d).

Mice

The mutant mice and their wild-type littermates were main-
tained at a temperature- and humidity-controlled animal
facility. The experimental procedures were approved by the
Institutional Animal Care and Use Committee.

RNA extraction

RNA was extracted from the pharyngeal arch region and
heart of E10.5 embryos using PureLink RNA Micro kit
(Invitrogen Corp., Carlsbad, CA) as per the manufacturer’s
instructions. The boundaries of the pharyngeal arch region
were defined as previously described (Prescott et al. 2005).
Prior to the RNA extraction, the embryos were genotyped
using yolk sac DNA. After the elution step, RNA samples
were concentrated by precipitation and resuspended in
DEPC-treated nuclease-free water. The quality of the RNA
samples was assessed by a 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA).

Real-time quantitative reverse transcriptase PCR

Real-time quantitative PCR was used to analyze RNA lev-
els of the selected genes. Gapdh is located on Mmu6 and
served as a reference gene of the disomic state for all the
mice examined. Total RNAs were isolated from the pharyn-
geal arch regions and hearts of E10.5 embryos, as described
above. 1 pg of RNA from each embryo was used to gener-
ate cDNA using Superscript version III reverse transcrip-
tase (Invitrogen Corp., Carlsbad, CA). The specific primers
and probes for the genes were obtained from the TagMan®
Gene Expression Assays System of Applied Biosystems,
Inc. A 0.5 ng of cDNA from each embryo was analyzed by
ABI 7900HT Real-Time Thermocycler (Applied Biosys-
tems, Foster City, CA) with the following amplification
conditions: an initial activation and denaturation at 95°C
for 10 min, followed by 40 cycles of denaturation at 95°C
for 15 s and primer annealing and extension at 60°C for
I min.

RNA labeling and microarray hybridization

To perform genome-wide expression profiling, Illumina
MouseRef-8 v2 BeadChips (Illumina, Inc., San Diego, CA)
were utilized. Total RNA isolated from the pharyngeal arch
region and heart in the E10.5 Dp(16)2Yey/+ and wild-type
embryos (250 ng for each embryo) was converted to
cDNA, followed by an in vitro transcription step to gener-
ate labeled cRNA using the Ambion Illumina TotalPrep
RNA Amplification Kit (Ambion, Austin, TX). The labeled
probes were mixed with hybridization reagents and hybrid-
ized overnight to the BeadChips. After washing and
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Fig. 2 Development of new mouse models using chromosome engi-
neering (Yu and Bradley 2001). a Schematic of the strategy to gener-
ate Dp(16)2Yey and Df(16)2Yey. The genome coordinates of the
endpoints are shown. K, Kpnl; B, BamH1; 5', 5’ HPRT fragment; 3’,
3'HPRT fragment; N, neomycin-resistance gene; P, puromycin-resis-
tance gene; Ty, tyrosinase transgene; Ag, Agouti transgene; arrow-
head, loxP site. b Southern blot analysis of ES cell DNA. Lanes I and

staining, the BeadChips were imaged using the Illumina
BeadArray Reader to measure the fluorescence intensity of
the probes.

Microarray data analysis

Illumina BeadScan software was used to scan and extract
the intensity of Illumina MouseRef-8 v2 gene expression
array, and the data were corrected by background subtrac-
tion using the GenomeStudio module. The expression
intensity was transformed into log2 scale by the lumi
module in the R-based Bioconductor Package, which was
then normalized using the quantile normalization algo-
rithm. The quantile normalized data sets were used for the
subsequent analysis. We used a fold-change filter (1.3-fold
increase or decrease in the test group in relation to the
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2, the ES cells targeted at Tiam! and Kcnj6 hybridized with probes A
and B, respectively; Lanes 3 and 4, the ES cells carrying the duplica-
tion and the reciprocal deletion hybridized with probes B and C,
respectively. c—e FISH analysis of ES cells. ¢ The genomic locations
of BAC probes for FISH analysis are shown. FISH analysis of the
metaphase chromosomes (d) and interphase nucleus (e) prepared from
Dp(16)2Yey/Df(16)2Yey ES cells

wild-type control) in combination with two other condi-
tions: i.e., the genes in the group with higher expression
with a detection P value (over the background) not more
than 5% and group average signal not less than 55 in the
group. With the quantile normalized gene data sets for
individual samples, we also tested the use of other statisti-
cal methods for identifying differentially expressed genes,
including the Student’s ¢ test and significant analysis of
microarray (SAM), and obtained a shorter list of genes
that overlap with the first list. However, since these
shorter lists of genes fail to generate any statistically sig-
nificant over-representation of the gene ontology terms,
we decided to stay with the fold-change list for the rest of
the analysis. Hierarchical clustering (HCL) and heat maps
were generated using MeV (http://www.tm4.org/mev/)
(Saeed et al. 2006). For the heat map of gene expression,
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the average signals of genes for each array were normal-
ized as a ratio against the average signals of the wild-type
controls. For gene ontology analysis, statistically signifi-
cant enrichment of gene ontology terms represented by
the differentially expressed genes was performed using
the on-line DAVID bioinformatics tools at http:/
david.abcc.ncifcrf.gov/ (Dennis et al. 2003; Huang da
et al. 2009).

Results

Development of mouse models carrying Dp(16)2Yey
or Df(16)2Yey using chromosome engineering

To facilitate genetic analysis of DS-associated pheno-
types, we generated a 5.43-Mb duplication and the
reciprocal deletion between Tiaml and Kcnj6 within the
Hsa21 syntenic region on Mmul6 for three reasons:
First, this region contains a sufficient number of genes,
and the functions of many of these genes are unknown.
Second, the duplicated gene at the proximal endpoint
would contain TiamlI, which affects the functions of
endothelial cells (Birukova et al. 2007a, b; Singleton
et al. 2005). Third, the duplicated gene in the distal end-
point would be Kcnj6, which has been implicated in
affecting heart rate (Lignon et al. 2008). We generated
these models using Cre/loxP-mediated genomic engi-
neering (Yu and Bradley 2001). MICER vectors (Adams
et al. 2004) were used as pTVTiaml and pTVKcnj6 for
targeting /oxP to the regions 403-kb proximal and 155-
kb distal to the coding regions of Tiaml and Kcnjo6,
respectively, in AB2.2 ES cells (Fig. 2a) (Bradley et al.
1998). A duplication and the reciprocal deletion were
induced in ES cells by a transfection with a Cre-expres-
sion vector as described (Liu et al. 1998; Ramirez-Solis
et al. 1995) and were confirmed by Southern blot analy-
sis (Fig. 2b) and fluorescent in situ hybridization (FISH)
(Fig. 2c—e). We used these ES cell clones to generate
chimeras. The germ-line transmission of the duplication
after crossing C57BL6J and 129Sv females with chime-
ric males was confirmed by Southern blot strategy, as
shown in Fig. 2b. However, we could not obtain any
Df(16)2Yey/+ mice from these crosses. One possibility is
that the genotype of Df(16)2Yey/+ may have led to
embryonic lethality. To test this possibility, we crossed
the chimeric males with the Dp(16)1Yey/+ females.
As predicted, we obtained Dp(16)1Yey/Df(16)2Yey
progeny from this cross, providing evidence that the
TiamI-Kcnj6 region contains a gene(s) associated with
haploinsufficient lethality. This gene(s) may underlie the
embryonic lethality associated with human monosomy
21 (Chang et al. 2001; Joosten et al. 1997).

Establishment of the smallest critical genomic region
for DS-associated heart defects by genetic dissection
in mice

In the process of genetic analysis of DS-associated heart
defects, we first examined the cardiovascular phenotypes of
embryos carrying Dp(10)1Yey/+ (n=24) or Dp(17)1Yeyl+
(n=23) at E18.5 and found no heart defects. These results
indicate that the Hsa2l syntenic regions on MmulO and
Mmul7 do not significantly contribute to heart defects and
that the causative gene(s)is therefore located only on
Mmul6.

Examination of Dp(16)2Yey/+ embryos at E18.5 showed
that these embryos exhibit heart defects similar to
Dp(16)1Yey/+ and Dp(10)1Yey/+; Dp(16)1Yey/+; Dp(17)1
Yey/+ embryos with a similar frequency in either the 129 Sv
background or after crossing to C57BL6/J mice (Fig. 3;
Table 1) (Li etal. 2007). We then generated Dp(16)1/
Df(16)2 by crossing Dp(16)1/+ mice to the chimeras gener-
ated using Dp(16)2Yey/Df(16)2Yey ES cells. The analysis
of this compound mutant at E18.5 found no heart defects
(n =24), indicating that the presence of three copies of the
TiamI-Kcnj6 region is necessary and sufficient to cause
DS-associated heart defects in mice. Therefore, the causa-
tive gene(s) for this phenotype is located in the Tiaml-
Kcnj6 region.

We also analyzed Ts1Rhr embryos at E18.5 (n = 28),
which is trisomic for the 4.12-Mb Cbril-Fam3b region on
Mmul6 (Fig. 1) (Olson et al. 2004), and found no heart
defects, suggesting the duplication of the Cbrl-Fam3b
region alone is not sufficient to cause DS-associated heart
defects. A similar result was recently reported (Dunlevy
et al. 2010).

Analysis of gene expression of Dp(16)2Yey/+ embryos

To examine the impact of Dp(16)2Yey on gene expression,
we performed microarray-based genome-wide transcrip-
tional profiling using RNA isolated from the pharyngeal
arch region and the heart in E10.5 Dp(16)2Yey/+ and wild-
type embryos as the templates. This included the analysis
of the expression of genes located within the Tiam-Kcnjé
region and genes located immediately external to this
region. To examine the impact of Dp(16)2Yey on genome-
wide expression patterns, we performed unsupervised clus-
tering of the samples based on the expression profile of
5812 genes expressed at above-threshold levels. However,
we were unable to obtain a separation of the seven arrays
based on the genotypes. Only when the genes on Mmul6 or
all the genes showing altered expression in Dp(16)1Yey/+
embryos were selected for analysis could the two genotypes
be separated into two groups (Fig. 4). These results indicate
that the Dp(16)2Yey does not lead to global alterations of
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Table 1 Cardiovascular abnormalities of Dp(16)2Yey/+ embryos at
E18.5

n2/nl Number

of embryos

Genotype Type of heart defects

Dp(16)2Yeyl+ 8/30 Aberrant RSCA 1
TGA 1
ASD 1
VSD 4
AV defect 1
Valve defect 1

1

DORV

nl number of embryos examined, n2 number of embryos with heart
defects, RSCA right subclavian artery, TGA transposition of great arteries,
ASD atrial septal defect, VSD ventricular septal defect, AV defect atrio-
ventricular defect, DORV double outlet right ventricle
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<« Fig. 3 Cardiovascular abnormalities observed in Dp(16)2Yey/+ em-

bryos at E18.5. a A dorsal view of the great arteries of a mutant embryo
shows that the right subclavian artery aberrantly connects to the
descending aorta to form a vascular ring around the trachea and the
esophagus. b A ventral view of the heart and lung of a mutant embryo
shows transposition of the great arteries, in which the anterior posi-
tioned aorta and the posterior pulmonary artery arise from the right and
left ventricles, respectively. ¢ A superior view of the ventricles of a
mutant after the atria were removed. The orientation of the great arter-
ies is normal but the aorta has a bicuspid aortic valve. d A ventral view
of the atria of a mutant after the ventricles were removed shows atrial
septal defect, with the arrowheads indicating the foramen of the defect.
e A superior view of the ventricles of a mutant after the atria were re-
moved. The mutant ventricles show a common AV valve; a bar with
double arrowheads indicates AV orifice. f An intracardiac view of the
left ventricle of a mutant. Arrows indicate two foramina of VSD, peri-
membranous type and larger inlet type. g The heart of a mutant embryo
shows double outlet right ventricle with both the aorta and pulmonary
artery rising from the right ventricle. The arrowheads indicate the po-
sition of the ventricular septum at the cardiac surface. h An intracar-
diac view of the same mutant embryo in g shows VSD as well as the
aorta and pulmonary artery connected to the right ventricle. Ao, aorta;
Ao valve, aortic valve; des. Ao, descending aorta; AV valve, atrioven-
tricular valve; AVC, anterior vena cava; E, esophagus; LAA, left atrial
appendage; LAVC, left anterior vena cava; LCA, left carotid artery;
LSCA, left subclavian artery; LV, left ventricle; LV free wall, left ven-
tricular free wall; MV, mitral valve; PA, pulmonary artery; PVC, pos-
terior vena cava; RAA, right atrial appendage; RCA, right carotid
artery; RSCA, right subclavian artery; RV, right ventricle; RV free wall,
right ventricular free wall; RV sept, right ventricular septum; 7, tra-
chea; TV, tricuspid valve; VSD, ventricular septal defect. Scale bar
1 mm

the transcriptome but to alterations of expression for a defi-
ned set of genes. Based on the criteria described in “Materi-
als and methods”, a total of 154 genes showed altered
expression in Dp(16)1Yey/+ embryos. These genes can be
divided into groups showing increased expression (89
genes) or decreased expression (65 genes) in Dp(16)2Yey/+
embryos (Supplemental Tables 1, 2). We also observed
increased expression for 17 genes located in the Tiamli-
Kcnj6 region (Fig. 4; Supplemental Table 1). However, for
the genes located immediately proximal and distal to the
duplicated region, no changes in expression levels were
detected in the Dp(16)2Yey/+ embryos (Supplemental
Table 3), suggesting that Dp(16)2Yey apparently did not
alter the expression of neighboring genes surrounding
the duplication in cis or in trans. We also performed real-
time RT-PCR analysis for eight genes located within the
Tiam1-Kcnj6 region using the same RNA samples. For the
five genes present in the microarray, the RT-PCR data
confirm the microarray result (Table2; Supplemental
Table 1). For Hunk, Synjl and Urbl, which are not present
in the microarray, the RT-PCR data show significant
increases in the expression levels in Dp(16)2Yey/+
embryos, reflecting the consequences of the gene dosage
alterations (Table 2). The analysis of microarray expres-
sion data using DAVID (http:/ david.abcc.niferf.gov/
home.jsp) with Benjamini adjustment for multiple testing


http://david.abcc.nifcrf.gov/home.jsp
http://david.abcc.nifcrf.gov/home.jsp

Hum Genet (2011) 130:623-632 629
Fig. 4 A heat map of the micro- +/+ Dp( 1 6) 2Ye y/+

array-based gene expression — A —

profile around the Tiam1-Kcnj6 [ ]

region with the sample cluster- —— —L—

ing tree on top indicates that the ﬁég mit1
presence of Dp(16)2Yey alters Usp16
the transcriptional levels of the Cet8
genes located within the dupli- Bach1
cated region. The gene expres- Tiam1
sion signals were normalized Sod1
based on average of the control Ifngr2
samples. The samples were clus- Tmem50b
tered using the hierarchical clus- Gart
tering method based on all genes Donson
on Mmul6 expressed at above- Cryzl1
threshold levels. Clustering of Atp5o
genes was not performed in Mrps6
order to preserve the gene order Fam165b
on the chromosome. All four Rcan1
Dp(16)2Yey/+ embryos show Clic6
elevated expression for 17 genes Cbr1
located within the duplicated re- Chaf1b
gion (indicated by the red rect- More3
angle) g,{cs

0.3

(Dennis etal. 2003; Huang da etal. 2009) showed that
muscle-related proteins and heat shock proteins are over-
represented among the differentially expressed genes
(Benjamini < 0.05), which include Ankrdli, Csrp3, Mybpc3,
Cryab, Hspbl, Hspb2 and Hspb3.

Discussion

The Hsa2l syntenic regions in the mouse genome are
~26.30 Mb in size and contain ~175 orthologous genes
(Fig. 1) (Yu etal. 2010). The results from this study
suggest that we can reduce the critical genomic region for
DS-associated heart defects to 5.43 Mb with 52 candidate
genes (Fig. 1; Supplemental Table 3). Based on this and
other studies, the duplication between Cbrl and Fam3b on
Mmul6 in the Ts1Rhr model did not lead to heart defects
(Dunlevy et al. 2010). Since there is a 1.61-Mb overlapping
duplicated region between Dp(16)2Yey and Ts1Rhr carry-
ing 14 orthologous genes (Fig. 1; Supplemental Table 3),
two possibilities exist for the locations of the causative
gene(s) for heart defects. First, the causative gene(s) may
be located within the Tiam1-Cbrl region (Fig. 1). Second, a
causative gene(s) may be located in the TiamI-Cbrl region
and another causative gene(s) may be located in the Chrl-
Kcnj6 region (Fig. 1). In the latter scenario, the heart

1.0 2.3

defects are the consequence of the combined effect of
simultaneous triplications of the causative genes in both
regions, and triplications of the causative gene(s) in either
region alone are not sufficient to cause heart defects. These
possibilities could be examined by generating and analyz-
ing mouse mutants carrying a duplication and the reciprocal
deletion between Tiaml and Cbrl. If the causative
gene(s) is located in the TiamI-Cbrl region, Dp(16Tiaml-
Cbrl)/+, but not Dp(16)1Yey/Df(16Tiaml-Cbrl), should
result in heart defects. If the causative genes are located in
both the Tiaml-Cbrl and CbrI-Kcnj6 regions and the
simultaneous duplications of these genes are required to
cause heart defects, neither Dp(16TaimI-Cbrl)/+ nor
Dp(16)1Yey/Df(16TiamI-Cbrl) should result in heart
defects. This combination of strategies using both duplica-
tions and deletions for examining different possibilities can
also be employed to dissect the TiamlI-Cbrl and Cbrli-
Kcnj6 regions to further narrow down the critical genomic
regions.

Analysis of expression profiles has been utilized in DS
research to explore the relationship between over-expres-
sion of individual trisomic genes and phenotypes (Kahlem
etal. 2004; Lyle et al. 2004). Our results showed that the
heart defects in Dp(16)2Yey/+ embryos are correlated with
over-expression of 20 genes within the TiamI-Kcnj6 region
and, therefore, these genes should be analyzed first among
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Table 2 Normalized relative values (RQ) of expression

Gene name Dp(16)2Yey/+ over +/+
(RQ £+ SEM)

Tiaml 1.40 £0.18

Sodl 1.51 £ 0.10

Hunk 1.67 £ 0.12

Urbl 1.56 + 0.17

Synjl 1.60 £ 0.24

Gart 1.45 £ 0.06

Mrps6 1.46 £ 0.14

Pigp 1.83 £ 0.20

The values are calculated based on the means of the samples with
different genotypes. Gapdh was used as an internal control and is diso-
mic in all strains. RNA was isolated from the pharyngeal arch region
and the heart of E10.5 Dp(16)2Yey/+ or +/+ embryos

the 52 genes located within the Tiaml-Kcnjé region for
their role in causing this phenotype (Fig. 4; Table 2; Sup-
plemental Table 3). Among them, Rcanl and Dyrkla have
been proposed as the causative genes for DS-associated
heart defects based on a transgenic study in which a f-actin
promoter was used as a regulatory element of the trans-
genes (Arron et al. 2006). However, because the regulatory
element of these transgenes is not derived from the endoge-
nous loci, their expression levels as well as spatial and tem-
poral expression patterns may be different from those of the
endogenous genes. Heart defects have been observed in
Tcl mice in which the human RCANI gene was deleted in
the transchromosome (Dunlevy etal. 2010), suggesting
three copies of the RCANI ortholog are not required to
cause heart defects.

In addition to causing abnormalities in the cardiovascu-
lar system, trisomy 21 also causes abnormalities in almost
all other organ systems (Roizen and Patterson 2003). Tri-
somy 21 is the most common genetic cause of intellectual
disability from childhood to young adulthood and a leading
genetic cause of gastrointestinal anomalies, childhood leu-
kemia and early-onset Alzheimer-type neurodegeneration
systems (Roizen and Patterson 2003). To perform genetic
analysis of a specific DS phenotype, mouse models carry-
ing defined duplications or deletions in different Hsa21 syn-
tenic regions are required. Unfortunately, this type of
model is currently available only for very few segments of
the syntenic regions (Fig. 1). Therefore, the new mouse
models developed from this study will undoubtedly become
essential tools for genomic dissection of other phenotypes
of DS, particularly for understanding the contribution of the
TiamI-Kcnj6 region to those phenotypes.

Our current genetic dissection project has led to the
establishment of the smallest genomic region for DS-asso-
ciated heart defects. This result should set the stage for
future efforts to characterize the TiamlI-Kcnj6 genomic

@ Springer

region in order to identify the critical gene(s) associated
with this phenotype. The establishment of the causative
gene(s) should unravel the entry points to the mechanistic
details leading to congenital cardiovascular malformations
in DS and may yield rare insights on cardiac development,
which, in turn, may result in novel strategies for the preven-
tion, diagnosis and treatment of congenital heart disease in
children and adults regardless of their states of ploidy.
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