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Abstract We generated transchromosomal (Tc) mice con-
taining a human chromosome 21 fragment (hCF21) using
mouse embryonic stem (ES) cells with the transferred
hCF21. Here we report breeding analyses that test the
maintenance rate of the hCF21 in Tc mice of two different
genetic backgrounds, MCH (ICR) and C57BL/6. Fluores-
cence in situ hybridization and polymerase chain reaction-
based DNA analyses revealed that the structure of the
hCF21 fragment including the CBR1, SIM2, HLCS, and
D21S268 markers, was approximately 5Mb in size, and was
transmitted at least to the F3 generation. Though the reten-
tion rate of the hCF21 was variable among individual mice,
for example, 21%–92% in brain and 10%–92% in tail
fibroblasts, the C57BL/6 background yielded a higher reten-
tion rate than did the MCH (ICR). These results suggest
that the hCF21 could be maintained stably in Tc mice, de-
pending on the genetic background. The panel of Tc mice
will be a useful model to investigate the function of genes on
the hCF21 fragment in various tissues through germinal
transmission.
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Introduction

Trisomy 21 (Ts21) is the most frequent cause of congenital
heart defects and the leading genetic cause of mental retar-
dation in humans (Korenberg et al. 1994; Kola and Hertzog

1997). To investigate the gene dosage effects of an extra
copy of human chromosome 21 (hChr 21) on various
phenotypes, we recently generated transchromosomal (Tc)
mice containing hChr 21 (Shinohara et al. 2001). Chimeric
mice containing a substantial content of hChr 21 trans-
mitted a part of the fragment, approximately 5Mb of hChr
21, including the CBR1, SIM2, and HLCS genes, through
the germline to F1 mice. However, the retention rate of the
human chromosome 21 fragment (hCF21) in chimeric mice
varied because the hCF segregated independently and
tended to be lost randomly during development, which
led to phenotypic variations. Previously, we reported that
the stability of transferred hCF2 and hCF14 varied depend-
ing on the genetic background (Shinohara et al. 2000). In
the present study, breeding analyses were performed to
address the effect of the genetic background on the stability
of hCF21 in offspring. In the Tc mice of F2 and F3 genera-
tions, we examined (1) the region of hCF21 that was re-
tained, (2) the integrity of the hCF21 in tail fibroblasts, and
(3) the stability of hCF21 in tail fibroblasts and cerebral
cortex in different genetic backgrounds.

In the Tc mice, the hCF21 was structurally stable, with no
cytogenetically detectable rearrangement or deletion. The
level of retention of hCF21 was relatively higher in the
C57BL/6 genetic background than in the MCH background.
These results indicate that the centromere of the hCF21
functions in the mouse cells, and that different strains have
genetic-based differences in their level of competence for
maintaining hCF.

Materials and methods

Animals

MCH (ICR) and C57BL/6N mice were purchased from
Japan Crea (Tokyo, Japan).
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Production of progeny

Establishment of the embryonic stem (ES) cells carrying the
hCF21 and production of the chimeric mice with the ES
cells is described elsewhere (Shinohara et al. 2001). Briefly,
mouse A9 cells containing a single human chromosome 21
were screened from a human monochromosomal hybrid
library (Inoue et al. 2001). The human chromosome 21 was
transferred from the A9 hybrid cells into the TT2F mouse
ES cells via microcell-mediated chromosome transfer. Chi-
meric mice were produced by injection of the ES cells into
eight-cell stage embryos of MCH (ICR) mice (Shinohara
et al. 2001). Progeny was produced following the protocol
described in Fig. 1a.

Polymerase chain reaction (PCR) analysis

Genomic DNA from tail fibroblasts were first screened for
the presence of human DNA by Alu-PCR. PCR for analyz-
ing the retained region of hChr 21 was performed using
hChr 21-specific sequence tagged site (STS) markers as de-
scribed elsewhere (Shinohara et al. 2001).

Fluorescence in situ hybridization (FISH) analysis

Preparation of chromosome samples and FISH analyses
were performed by standard methods. The mice were killed
by cervical dislocation, and the cerebral cortex was isolated
and homogenized. The samples were incubated for 15min
in 0.075M KCl, fixed with methanol and acetic acid (3:1),
and then slides were prepared using standard methods.
The probes were digoxigenin (Boehringer, Manheim, Ger-
many)-labeled human COT-1 DNA (BRL, Rockville, MD,
USA). Digoxigenin-labeled probes were detected with anti-
digoxigenin-rhodamine (Boehringer). The chromosomes
were counter-stained with 4�-6�-diamindino-2-phenylindole
(Sigma, St. Louis, MO, USA).

Statistical analysis

The difference in retention rate of the hCF between the two
genetic backgrounds was evaluated using a t-test.

Results and discussion

Production of progeny

Mice carrying the hCF21 were bred to the MCH (ICR) or
C57BL/6 strains as summarized in Fig. 1a, and progeny was
produced. First, a female chimeric mouse was bred with an
MCH (ICR) male mouse. The resulting F1 generation
was bred to either the MCH (ICR) or C57BL/6 strain to
generate F2 (CxMxM) or F2 (CxMxB) mice. F2 (CxMxM)
mice were bred with either the MCH (ICR) or C57BL/6
strain to generate F3 (CxMxMxM) or (CxMxMxB) mice,
respectively.

Integrity and retention of hCF21 in F1, F2, and F3 mice

ERG and ETS2 markers had been deleted during the pro-
cess of transfer of the hChr 21 to ES cells. PCR analyses of
genomic DNA from tail fibroblasts showed that other re-
gions of the hCF21 that had been retained in the ES cells
were further deleted during transmission from the
chimeric mouse to the F1 mice (Shinohara et al. 2001). The
transmitted fragments in the F1 to F3 mice included at least
CBR1, SIM2, HLCS, and D21S268 markers (Fig. 1b,c). The
size of the hCF was estimated to be about 5Mb from the

Fig. 1a–c. Characterization of transchromal (Tc) mice carrying human
chromosome 21 fragment (hCF21). a A scheme for the breeding proce-
dure. A chimeric female mouse was bred with an MCH (ICR) male
mouse. F1 mice were bred with either MCH (ICR) or C57BL/6 mice.
F2 (CxMxM) mice were bred with either MCH(ICR) or C57BL/6 mice.
b Detection of hChr21 genomic DNA in tail fibroblasts of a chimeric
mouse and Tc mice. Polymerase chain reaction (PCR) analyses were
performed using 14 primers for the human chromosome 21-specific
STS markers and genes. Significant results of six markers are pre-
sented. ES (TT2F), ES (#21)-10, and chimera10-1 were used as nega-
tive and positive controls for PCR, respectively. c Summary of the
retained region of hCF21 in Tc mice. o, Presence; x, absence. Ran-
domly selected two F1 Tc mice, five F2 Tc mice, and five F3 Tc mice
showed the same pattern of marker retention, irrespective of genetic
background
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physical distance of the markers at both ends. The contents
of the hChr 21 retained in Tc mice were consistent through
F1 to F3 generations. No difference was observed in re-
tained region of the hChr 21 between Tc mice with the two
genetic backgrounds. FISH analyses of chromosomes in tail
fibroblasts showed the independence of the hCF in mouse
background (Fig. 2a), suggesting that no deletion or trans-
location had occurred during this breeding test.

FISH analysis of tail fibroblast was performed to test the
stability of hCF21 in the different genetic backgrounds (Fig.
2c). The hCF21 was retained in 55%–87% of tail fibroblasts
in F3 (CxMxMxB) mice, but only in 10%–41% in F3
(CxMxMxM) mice. This difference was statistically signifi-
cant (P � 0.05). The previous study showed that the reten-
tion rate of hCF14 and hCF2 was higher in brain than in
other tissues and that retention in tail fibroblasts in vivo
may decrease corresponding to cell division (Shinohara
et al. 2000). Thus, the retention of hCF21 in the cerebral
cortex was also tested (Fig. 2b,d). The hCF21 was retained
in 72%–92% of cerebral cortex cells in F2 (CxMxB) mice,
whereas it was retained in 33%–80% in F2 (CxMxM) mice.
This difference was statistically significant (P � 0.001). In
the progeny of F2 (CxMxM) mice, the hCF21 was relatively
more stable (P � 0.09958) in F3 (CxMxMxB) mice (55%–

88%) than in F3 (CxMxMxM) mice (21%–56%), which is
consistent with our previous study with the hCF14 and the
hCF2 (Shinohara et al. 2000). These results indicate that the
competence to maintain hCF in these different strains has
a genetic basis. The C57BL/6 background is preferable for
stable maintenance of hCF. The Tc mice retained a subset
of genes located in the so-called “Down syndrome critical
region” in human chromosome 21q22 (Antonarakis 1998).
Thus, these mice should allow us to investigate the genes
related to or responsible for Ts21 phenotypes. We are ex-
amining behavioral and pathological abnormalities of these
Tc mice.

Stability of transferred human chromosome fragment in
cultured cells and in mice has been assessed (Shen et al.
1997; Tomizuka et al. 2000; Shinohara et al. 2000). It was
reported that the minichromosome derived from human
chromosome Y was poorly maintained in the mouse ES
cells, but was stabilized by rearrangement and incorpora-
tion of mouse centromere sequences (Shen et al. 1997). By
contrast with the Y chromosome, the hCF21 described here
was structurally stable and present as an independent chro-
mosome without translocations in the Tc mice. Based on
the results, we are currently constructing a human artificial
chromosome using the centromeric region of hCF21 by a

Fig. 2a–d. Detection of hCF21
in cells from Tc mice to examine
the influences of genetic back-
ground on the stability of hCF
in Tc mice. Fluorescence in
situ hybridization (FISH) with
human COT-1 DNA to a
metaphase chromosomes iso-
lated from tail fibroblasts, and b
nuclei isolated from cerebral
cortex of an F2 mouse. On
metaphase spreads a, a single
human chromosome (red signal
with arrowhead) was detected in
addition to mouse chromosomes
(blue). c,d The retention of
hCF21 in Tc mice with different
genetic backgrounds. Fibro-
blasts prepared from tail
samples from 4- to 10-week-old
Tc mice and cerebral cortex
from 20- to 80-week-old Tc mice
in F1–F3 generations with dif-
ferent combinations of genetic
background were used for
metaphase and interphase
preparations, respectively. FISH
was performed using the human
COT-1 probe and 50 metaphase
or interphase spreads were
scored to determine the reten-
tion and integrity of hCF21. C,
Chimeric mouse; M, MCH
(ICR); B, C57BL/6. Closed and
open circles indicate male and
female, respectively. Statistical
analysis was performed using the
t-test. *, P � 0.05; #, P � 0.001
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combination of Cre/loxP-mediated chromosome transloca-
tion and telomere-directed chromosome truncation in
homologous recombination-proficient chicken DT40 cells
(Kuroiwa et al. 1998, 2000).
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