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the disorders associated with DS (4, 5). Recently, to
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Down syndrome (DS) leads to cardiac defects which
re common and significant in babies with DS. We
ecently generated chimeric mice carrying a human
hromosome (hChr) 21. The contribution ratio of em-
ryonic stem (ES) cells containing a hChr 21 was spe-
ifically low in the heart, compared to other organs,
nd cardiovascular malformations were observed,
uggesting that an additional copy of hChr 21 also
isrupts the normal development of heart in mice.
ere we describe that the presence of hChr 21 in ES

ells delays the appearance of beating cardiomyocyte
uring differentiation, whereas differentiation into
ther cell types is not disrupted. Furthermore, the
efect in cardiogenesis was restored following the de-

etion of a specific region of hChr 21. Therefore, we
onclude that the imbalance of specific gene(s) on
Chr 21 may lead to the disturbance of cardiogenesis
nd that this may be a useful system to model and
nvestigate the cardiac defects of human DS. © 2000

cademic Press

Key Words: human chromosome 21; Down syndrome;
S cells; in vitro differentiation; cardiomyocyte; heart
alformation.

Down syndrome (DS) is a congenital disease caused
y the trisomy of human chromosome (hChr) 21 and it
s characterized by distinct facial and physical fea-
ures, and mental retardation. Some patients have con-
enital heart defects (1, 2). An animal model that can
rovide access to tissues is required to examine the
evelopmental consequences of DS. Previously, mice
ave been generated with segmental trisomy for mouse
hromosome 16, which shares a large region of genetic
omology with hChr 21 (3). However, no animal model
as been generated so far that accurately models any of

Abbreviations used: DS, Down syndrome; ES, embryonic stem;
Chr, human chromosome.
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ddress these problems, we generated chimeric mice
arrying an intact hChr 21 as a freely segregating
xtra chromosome retained at a high frequency
hrough microcell-mediated chromosome transfer of
Chr 21 into embryonic stem (ES) cells (6). Analysis of
hese chimeric mice revealed cardiovascular malforma-
ions (reported elsewhere). These findings suggest that
hese mice may serve as a model of the heart disease
xhibited in DS. Furthermore, we found that the con-
ribution ratio of embryonic stem (ES) cells containing
hChr 21 in chimeras was about 50% in adult heart,
hile it was more than 90% in other organs such as
rain, liver, and lung (reported elsewhere). These find-
ngs prompted us to investigate the possibility that the
xtra hChr 21 interfered with cardiogenesis during
evelopment. In this study, we examined the effect of
he additional hChr 21 in ES cells on differentiation
nd cardiogenesis in vitro.

ATERIALS AND METHODS

ES cell culture and construction of ES cells containing a hChr 21.
he TT2F mouse ES line was maintained in an undifferentiated
tate by culture on mitomycin C-treated mouse embryonic fibroblasts
MEF) feeder layers according to standard protocols. The ES culture
edium used was high glucose Dulbecco’s modified Eagle’s medium

DMEM) containing 15% fetal bovine serum, 0.1 mM b-mercapto-
thanol, 1 mM sodium pyruvate, 13 nonessential amino acids, 2 mM
lutamine, and 1000 U/ml recombinant human leukemia inhibitory
actor (LIF; Gibco-BRL).

The introduction of hChr 21 into ES cells was performed as we
eported previously (7). Briefly, mouse A9 cells containing a hChr 21
agged with pSTneo were used as a source of microcell donors for
icrocell-mediated chromosome transfer into mouse ES cells. The
ybrid cells were maintained in nonselective culture medium for 24 h
nd then selected in culture medium containing 300 mg/ml of G418
Funakoshi, Tokyo, Japan). We isolated G418-resistant clones and
creened genomic DNA from these clones by PCR using hChr 21
pecific markers analysis using PCR. The following markers and
rimer pairs were used to amplify fragments from 50 ng of genomic
NA: pAW32a (59-TCATACAGAGTATAACACCAGGAC-39 and 59-
0006-291X/00 $35.00
Copyright © 2000 by Academic Press
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21S411 (59-GAACCATTATAAGTTGACCATC-39 and 59-ACA-
GTTAACATGCTATATCTGT-39, amplifies a 154-bp fragment);
21S120 (59-TGTGTCTGCCATTTCTGGGTGTAG-39 and 59-GAT-
CTGGGACAAAGTAGTCTCTAA-39, amplifies a 318–330-bp frag-
ent); APP (59-CTGGGCAATAGAGCAAGACC-39 and 59-ACCCAT-
TTATCTATGGACAATTGA-39, amplifies a 115-bp fragment); SOD

59-ATTCTGTGATCTCACTCTCAGG-39 and 59-TCGCGACTAACA-
TCAAAGT-39, amplifies a 133-bp fragment); SIM2 (59-GGGCC-
CATGGTAAGAGTCA-39 and 59-GAAAAATGTCGGTGGTATC-
CC-39, amplifies a 250-bp fragment); ETS2 (59-TACCATGCCAA-
GGTTTATAAGG-39 and 59-ATGTGACTGGGAACATCTTGC-39,
mplifies a 177-bp fragment), and D21S334 (59-CCTAAATA-
ATGATGGTCCCTG-39 and 59-AGTGATACCGTGCCTGGTC-39,
mplifies a 278-bp fragment). Amplifications were performed with an
nnealing temperature of 62°C for 30 cycles and the products were
nalyzed on a 3% agarose gel.

Fluorescence in situ hybridization (FISH) analysis. Two-color
ISH analysis was performed on fixed metaphase spreads of ES cell
lones using digoxigenin (Boehringer) labeled human COT-1 DNA
Gibco-BRL) and biotin labeled pSTneo plasmid DNA, as we reported
reviously (7, 8). The hybridized probes were detected with anti-
igoxigenin-rhodamine (Boehringer) and FITC-avidin (Vector), re-
pectively. Chromosomes were counterstained with DAPI (Sigma).

Embryoid body (EB) formation and in vitro differentiation. In-
uction of differentiation into a variety of cell types including cardiac
yocytes was performed according to the method of Oyamada et al.
sing the hanging drop culture method (9). Briefly, approximately
00 ES cells in 30 ml aliquots of differentiation medium, which
onsisted of ES culture medium without LIF (see above), were placed
n the undersurface of a petri dish lid, inverted and cultured for 3
ays. The resulting EBs were transferred individually to separate
ells of 24-well tissue culture plates (Costar). For the coculture of

wo EBs that were derived from different cell lines, one EB was
llowed to attach to the bottom of 12-well plate (Costar) for 3 h,
ollowed by the transfer of the second EB and attachment to a
ifferent position. Culture medium was changed every 2 days. For
he quantitative estimation of differentiation, cultures were moni-
ored every day under a microscope to detect the presence of rhyth-
ically beating cardiac myocytes in the dense center of EBs. For

very value, three independent experiments were performed in
hich more than 50 EBs were examined. The approximate number
f cardiomyocyte aggregates per EB was 1–4. The day hanging drop
ulture was initiated was defined as day 0 of culture in all experi-
ents. In addition to TT2F EBs differentiating into cardiac myo-

ytes, we could observe differentiation into cartilage, contracting
keletal muscle cells, smooth muscle cells, and cells forming tubular
tructures reported previously for other ES cells such as the J1 and
3 lines (10, 11). However, unlike other ES cell lines, we could not
etect differentiation into neuronal cells, even when EBs were
reated with retinoic acid, which is known to promote the differen-
iation to neuronal cells (12).

ESULTS

ifferentiation of ES Cells into Beating Cardiac
Myocytes Is Impaired

Mouse ES cells differentiate spontaneously into a
ariety of cell types including beating cardiac myocytes
n vitro. To investigate whether the presence of hChr
1 in mouse ES cells has any effects on formation of
eating cardiac myocytes, we generated 4 ES cell lines
ontaining a hChr 21 by microcell-mediated chromo-
ome transfer. These cell lines have 40 mouse chromo-
omes and one hChr 21 which is intact [TT2F(#21-7)
220
nd TT2F(#21-10)] (Fig. 1). Comparisons were made
mong three independent ES cell lines containing a
Chr 21, TT2F(#21-7), TT2F(#21-10) and TT2F(#21-
1), and wild type TT2F by in vitro differentiation
nalysis. The region containing the ETS2 locus on
Chr 21 was deleted spontaneously during microcell-
ediated chromosome transfer to the TT2F(#21-10)

ybrid, while the hChr 21 in TT2F(#21-7) and
T2F(#21-11) hybrids was intact for all the regions
hat were tested. The introduction of up to four
T2F(#21-10) cells into 8-cell-stage embryos led to the
evelopment of chimeric adult animals which carry a
Chr 21 in approximately 90% of their cells in many
rgans except the heart. Some of these mice exhibited
ardiovascular malformations. Analysis of chimeric
ice derived from TT2F(#21-7) and TT2F(#21-11) hy-

rids has not been performed. All cell lines had a
imilar doubling time (approximately 12 h) in the un-
ifferentiated state, and gave rise to EBs of similar size
nd gross morphology in hanging drop cultures in the
bsence of LIF (data not shown). After 7 days in cul-
ure, rhythmically beating cardiac myocytes appeared
t the dense center of EBs derived from all cell lines,
he ratio of cardiogenic differentiation in EBs derived
rom the TT2F(#21) clones was lower than that of EBs
erived from wild type ES cells (Fig. 2A). Approxi-
ately 80% of EBs derived from TT2F cells were beat-

ng by day 8. The ratio of EBs that resumed beating
eached to approximately 80% by day 8 in EBs derived
rom wild type. The behavior of EBs derived from TT2F
ells closely resembled a previous report using the J1
S cell line (9). In EBs derived from TT2F(#21) clones,

he ratio of beating EBs remained significantly lower
han this from days 7 to 12. From days 12 to 17, the
atio of beating EBs derived from TT2F(#21) cells
eached approximately 80%. To investigate whether a
pecific region of hChr 21 is responsible for the retar-
ation of maximum cardiomyocyte differentiation in
T2F(#21) cell lines, we investigated the differentia-
ion of TT2F(#21-5) cells, which contain a hChr 21 with

partial deletion, established spontaneously in the
rocess of microcell-mediated chromosome transfer.
nterestingly, the EBs derived from this cell line could
ifferentiate into cardiomyocytes in a similar manner
o EBs derived from wild type ES cells. This result
uggests that the region containing SOD1 or D21S120
ay be responsible for the delay of maximum differen-

iation to cardiomyocytes and that this phenotype is
ot due to clonal variation.
To test whether the retardation of differentiation in
S cells containing a hChr 21 is specific to cardiac
yocytes, we analyzed EBs derived from each ES cell

ine for the differentiation into cartilage, using the
ame system as before. As shown in Fig. 2C, differen-
iation into cartilage occurred with a similar timing
nd essentially to the same extent in all the cell lines.
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FIG. 1. FISH analysis of TT2F(#21-10) cells with a human specific probe and a summary of the regions of hChr 21 retained by various
ell lines. (A) A photograph of metaphase spreads of TT2F(#21-10) cell line, hybridized with human COT-1 (red) and pSTneo probes (yellow).
he integrated pSTneo plasmid on hChr 21 in TT2F(#21) was mapped to 21q22.2. Mouse chromosomes were counterstained with DAPI (blue).

B) Summary of the region of hChr 21 retained by various cell lines. Dots denote the retention of the corresponding hChr 21 loci indicated
n the left side of the figure, based upon the detection of appropriately sized bands by PCR with human specific primers. Absence of human
oci is shown with an X, which indicates a deletion in hChr 21.
221



D
s
f
l
s
w
w

Taken together, we concluded that the hChr 21 spe-
c
c

R

c
m
a
t
i
1
T
i
d
c
E
m
r
t
5
f
c
t
t
w
c
r

c
w
w
f
t
c
f
T
t
b

D

2
a
2
d
s
l
h
v
c
f

o
o
(
1
c
m
(
c
(
m
s
o
u
l

Vol. 273, No. 1, 2000 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
ifferentiation into skeletal muscle also occurred in a
imilar manner in all these cell lines, although the
requency of forming the skeletal muscle was much
ower than that of cardiac myocyte and cartilage in this
ystem (data not shown). These results are consistent
ith the fact that TT2F(#21-10) cells could contribute
ith a high ratio to the organs in vivo.

FIG. 2. Percentages of EBs differentiating to beating cardiomy-
cytes or cartilage in vitro. (A) Percentages of EBs exhibiting cardi-
myocyte differentiation. The EBs derived from wild type ES cells
TT2F) and ES cells containing a hChr 21 [TT2F(#21-7), TT2F(#21-
0), and TT2F(#21-11)] were used to monitor differentiation into
ardiomyocytes. TT2F(#21-10) was used previously to generate chi-
eric mice carrying a hChr 21. The data points are shown as means

bars, standard deviation) (n 5 3). (B) Percentages of EBs exhibiting
ardiomyocyte differentiation. EBs derived from wild type ES cells
TT2F) and ES cells containing a hChr 21 [TT2F(#21-5)] were used to
onitor differentiation into cardiomyocytes. The data points are

hown as means (bars, standard deviation) (n 5 3). (C) Percentages
f EBs exhibiting cartilage differentiation. EBs derived from ES cells
sed in A and B were used to monitor the differentiation into carti-

age. The data points are shown as means (n 5 3).
222
ifically delays the maximum differentiation of beating
ardiac myocytes in this in vitro system.

escue of Impairment of in Vitro Differentiation
into Cardiac Myocytes in TT2F(#21) Cells
by the Coculture with Wild-Type ES Cells
during EB Formation

Next, we examined how an additional hChr 21 in ES
ells delays the maximum differentiation into cardio-
yocytes and we investigated why ES cells containing
hChr 21 can develop into adult heart in vivo, al-

hough TT2F(#21) cells have a defect in cardiogenesis
n vitro. To mimic the chimerism level in adult hearts,
:1 or 1:9 mixtures of wild type ES and either
T2F(#21-10) or TT2F(#21-11) were cocultivated dur-

ng the formation of EBs. As shown in Fig. 3A, EBs
erived from a 1:1 mixture differentiated into beating
ardiac myocytes in essentially the same fashion as
Bs derived from wild type ES cells, while the maxi-
um levels of differentiation were delayed in EBs de-

ived from the 1:9 mixture. This result suggests that, if
he distribution ratio of wild type ES cells in EBs is
0%, the EBs carrying a hChr 21 could normally dif-
erentiate into cardiac myocytes. Although it is not
lear whether ES cells containing a hChr 21 differen-
iate to cardiac myocytes with the same timing as wild
ype ES cells in the same EBs, this result is consistent
ith the findings that ES cells containing a hChr 21

ould contribute to the adult chimeric hearts at the
atio of approximately 50%.
To investigate which factor(s) cause the difference in

ardiomyocyte differentiation between ES cells with or
ithout a hChr 21, we cocultured two EBs in a single
ell, one derived from wild type ES cells and the other

rom either TT2F(#21-10) or TT2F(#21-11) cells. The
ime course of differentiation in EBs derived from each
lone were much the same to those when EBs derived
rom each clone were cultured separately (Fig. 3B).
his result suggests that the hChr 21 does not delay
he maximum differentiation of cardiomyocytes in EBs
y modulating the expression of soluble factors.

ISCUSSION

In this study we examined the role of an extra hChr
1 in ES cells during cardiogenesis using genetically
ltered ES cells. We found that the presence of a hChr
1 in ES cells results in a specific retardation of in vitro
ifferentiation into cardiac myocytes, which was con-
istent with our predictions, which were based on the
ow contribution of ES cells containing a hChr 21 to
eart tissue in chimeric mice. Based on the results of in
itro and in vivo differentiation of ES cells, we con-
luded that mice carrying a hChr 21 could be models
or the heart defects seen in DS. Furthermore, we
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peculated that a delay in cardiogenesis during devel-
pment caused by trisomy of hChr 21 could be one of
he causes that leads to cardiovascular malformations
nd heart disease in babies with DS, and death of
mbryos with DS during pregnancy. It should be noted,
owever, that further study of in vivo differentiation in
himeric mice is required to demonstrate how a delay
n the differentiation into cardiomyocytes leads to
hese phenotypes.

The next question to be addressed is the mechanism
f how the hChr 21 in ES cells retards the maximum
ifferentiation into cardiac myocytes. Although we
ound that the difference in the differentiation between
ild type ES cells and ES cells containing a hChr 21 is
ot likely caused by soluble factors, the mechanism is

argely unknown. Because EBs derived from equal

FIG. 3. Rescue of mutant phenotype by the coculture of wild type
S cells during the EB formation but not after the EB formation. (A)
ercentages of EBs exhibiting cardiomyocyte differentiation. 1:1 or
:9 mixtures of wild type ES and either TT2F(#21-10) or TT2F(#21-
1) cells were cocultivated during the formation of EBs. The data
oints are shown as means (bars, standard deviation) (n 5 3). (B)
ercentages of EBs exhibiting cardiomyocyte differentiation. After
he formation of EBs derived from TT2F, TT2F(#21-10) or TT2F(#21-
1) separately, an EB derived from wild type ES and an EB derived
rom either TT2F(#21-10) or TT2F(#21-11) were cocultured in the
ame dish. The data points are shown as means (bars, standard
eviation) (n 5 3).
223
ould normally differentiate into cardiac myocytes, we
peculate that the factors that are different between
T2F and TT2F(#21) cells may be signalling molecules
hat control neighboring cells in the development of
ardiac myocytes, such as paracrine signaling factors
r adhesion molecules. These genes could be on hChr
1 or could be downstream genes located on mouse
hromosomes that are up- or down-regulated because
f the presence of hChr 21. In this context, the gap
unction protein connexin43 is an candidate because
his molecule is known to be essential for normal heart
ormation and function (13, 14). Several transcription
actor genes expressed in precardiac mesoderm, such
s Cript-1, Nkx2.5, Mef2C, eHAND, and dHAND were
redicted be responsible for the commitment of meso-
ermal cells to the cardiac lineage (10, 15). Thus, to
pproach the precise mechanism of how an extra hChr
1 impairs differentiation of mouse ES cells into car-
iac myocytes, it is useful to compare the expression of
hese classes of genes in EBs derived from TT2F or
T2F(#21) cells.
Animal models that reflect human DS and systems

o investigate DS in vitro have not yet been estab-
ished. Although it remains to be determined whether
he fragments of hChr 21 that delay the cardiogenesis
n vitro correspond to those that induce cardiovascular

alformations and other phenotypes of DS in vivo, the
ystem described in this study has the potential to be a
ovel system to investigate DS in vitro. Furthermore,
he chimeric mice from ES cells in this study should
rovide a novel and valuable model to examine DS in
ivo. Thus, it would be possible to identify the critical
enes for DS using these systems and extend this ap-
roach using gene targeting techniques in ES cells.
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