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Abstract

An extra copy of human chromosome 21 (Chr 21) causes Down syndrome (DS), which is characterized by mental retardation

and congenital heart disease (CHD). Chimeric mice containing Chr 21 also exhibit phenotypic traits of DS including CHD. In this

study, to identify genes contributing to DS phenotypes, we compared the overall protein expression patterns in hearts of Chr 21

chimeras and wild type mice by two-dimensional electrophoresis. The endogenous mouse atrial specific isoform of myosin light

chain-2 (mlc-2a) protein was remarkably downregulated in the hearts of chimeric mice. We also confirmed that the human MLC-2A

protein level was significantly lower in a human DS neonate heart, as compared to that of a normal control. Since mouse mlc-2a is

involved in heart morphogenesis, our data suggest that the downregulation of this gene plays a crucial role in the CHD observed in

DS. The dosage imbalance of Chr 21 has a trans-acting effect which lowers the expression of other genes encoded elsewhere in the

genome. � 2002 Elsevier Science (USA). All rights reserved.
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Down syndrome (DS) is a congenital disease caused
by trisomy of human chromosome 21 (Chr 21) and is
characterized by mental retardation and a variety of

developmental anomalies including facial dysmorphol-
ogy, congenital heart defects (CHD), infertility, im-
munodeficiencies, and an increased incidence of
leukemia [1]. More than 50% of DS patients have CHD;
most commonly, endocardial cushion defects, atrioven-
tricular valve malformations, atrial septal defects, and
ventricular septal defects. Thus, cardiac problems are
leading causes of deaths in infancy and early childhood
of DS individuals [2]. Although it has been suggested
that overexpression of a gene(s) or gene cluster on Chr
21 plays a key role in bringing about changes of DS
phenotypes, little is known about the molecular mech-
anisms underlying CHD and mental retardation asso-
ciated with DS [3].
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Recent studies of DS individuals with rare partial
duplications of Chr 21 suggested that the candidate re-
gion responsible for CHD in DS, DS-CHD, is located
somewhere within 21q22.13, proximal to 21q22.3. A
candidate gene, Down syndrome cell adhesion molecule
(DSCAM), has been identified within this region [4,5].
However, the resolution of this approach is limited by
the substantial phenotypic variability among DS indi-
viduals. Thus, it is difficult to rationalize a model
wherein only a single gene contributes to the DS
phenotype.

Animal models are useful for understanding the
molecular mechanism of the phenotype–genotype cor-
relation of DS [6]. Because wild type and model animals
share the same genetic background, animal models are
not affected by individual differences and environmental
factors. It is also easy to identify transgene-associated
changes among model animals derived from the same
parental strains.

In our previous study, chimeric mice were produced
using ES cell clones containing an almost intact copy of
Chr 21 (Chr 21 chimeric mice) [7–10]. These mice
demonstrated specific developmental anomalies includ-
ing learning or behavioral impairments and cardiac
anomalies, similar to the clinical manifestations of DS.
Pathological analysis of hearts from chimeric fetus’ that
exhibited more than 50% retention of Chr 21, showed a
variety of cardiovascular anomalies, such as double
outlet right ventricle, riding aorta, ventricular septal
defects, morphologenic anomalies of the pulmonary
artery, atrioventricular canal malformation, and myo-
cardial layers of the heart ventricles. These anomalies
were not observed in several mice with segmental tri-
somy of mouse chromosome 16 [11,12]. We also re-
ported that the introduction of an extra Chr 21 into ES
cells may lead to the disturbance of cardiogenesis, as
observed during in vitro differentiation into cardiac tis-
sue [13]. Thus, the introduction of Chr 21 resulted in a
gene dosage imbalance that led to the manifestation of a
DS phenotype.

Here, proteomic analysis with two-dimensional elec-
trophoresis (2-DE) was performed to identify candidate
gene products responsible for DS phenotypes and to
examine the expression differences between wild type
and Chr 21 chimeric mice. The advantage of this ex-
perimental strategy is that it can directly visualize the
overall dosage imbalance of gene products caused by
trisomy. Previously, 2-DE analysis was performed on
brain tissues of human DS specimens and normal con-
trols [14]. Lowered snap-25 protein levels were observed
in DS brains, suggesting impaired synaptogenesis or
neuronal loss. However, to our knowledge, no study has
ever reported results from protein analysis of human DS
heart tissue or animal models.

In this study, we demonstrated that the endogenous
atrial specific isoform of myosin light chain-2 (mlc-2a)

was post-transcriptionally downregulated in Chr 21
chimeric mice and in a human DS patient, suggesting
that downregulation of a non-Chr 21 gene by the extra
Chr 21 may have implications in DS phenotypes. We
have also validated the potential use of protein analysis
and a proteomic approach for the identification of gene
products causing dosage imbalance of trisomy 21 in our
DS model.

Materials and methods

Tissue samples, ES cells. Chr 21 chimeric mice, c10-4, c10-5, c10-7,

and c10-9, and corresponding regular chimeric mice (wild types), wild

1 and wild 2, were generated as described previously [7]. These four

Chr 21 chimeric mice showed higher than 90% chimerism in coat color.

The retention rate of Chr 21 was more than 50% in the heart of each

chimera. In this analysis hippocampus tissue samples were obtained

from c10-7 and c10-9 chimeric mice, which exhibited behavioral im-

pairment in open-field tests. Age matched human neonate tissue

samples of DS and normal specimens were obtained with informed

consent. ES[Chr 21] and control ES used to produce chimeric mice

were generated as described previously [7,13].

2-DE analysis. Protein extraction and 2-DE analysis were per-

formed following standard 2D-PAGE protocol with minor modifica-

tions [15–17]. Tissues were homogenized in four volumes of lysis buffer

(7M urea, 2M thiourea, 1.5% w/v Triton X-100, 0.5% w/v CHAPS,

0.5% v/v pharmalyte, 10mg/ml DTT, 5 lg/ml aprotinin, 1 lg/ml leu-

peptin, 1lg/ml pepstatin, 1mM PMSF) and disrupted by ultrasoni-

cation. The supernatant of the tissue lysate was obtained by

centrifugation and the protein concentration was estimated by dot blot

staining. In the first-dimension of isoelectric focusing (IEF), 4.5ll
aliquots of protein extract was applied near the cathode wick on each

17 cm immobilized pH-gradient Readystrip gels, pH 3–6, 4–7, 5–8, and

7–10, and run using the PROTEAN IEF cell system (Bio-Rad, Her-

cules, CA). In the second-dimension of SDS–PAGE, equilibrated

Readystrip gels were placed on top of the polyacrylamide gel (12%,

18� 16:5� 0:09 cm) and run vertically with SDS running buffer

(25mM Tris, 192mM Glycine, 0.1% w/v SDS). After electrophoresis,

proteins were detected using a silver-staining reagent kit or Quick CBB

staining reagent kit (Wako). Protein spots were quantified using the

PDQuest 6.2 software (Bio-Rad, Hercules, CA).

Identification of proteins. Protein spots on the CBB-stained 2-DE

gel were excised and digested with lysylendopeptidase AP-1 or trypsin

(Wako Pure Chemical, Japan) in 100mM Tris–HCl (pH 9) overnight

at 37 �C with shaking. The digested peptides were extracted with 0.1%

TFA and purified by a HPLC system (Model 172, Applied Biosystems)

with a C8 column (1� 100mm, RP-300, Applied Biosystems). The

amino acid sequences of the recovered peptides were determined with a

pulse liquid phase sequencer (Model 492 cLC, Applied Biosystems).

The Swiss-Plot database was used for homology searches [18].

Western blotting. After transfer blotting, detection was performed

using the ECL detection system (Amersham Pharmacia) following

manufacturer’s instructions. Ponceau S staining was carried out to

determine whether each blot contained the same amount of protein.

Monoclonal anti-myosin (light chains 20k) (Sigma, 1:500 dilution

in PBS-T) was used as primary antibody while the peroxidase-conju-

gated Affinipure goat anti-mouse IgM (Jackson Immune Research,

1:5000 dilution in TBST) was used as secondary antibody.

Real time RT-PCR

The cDNA was prepared from whole hearts of control mice, #1

and #2 (F1: C57BL/6�CBA), and Chr 21 chimeric mice as previously

described [7]. Quantitation of mRNA levels for mouse mlc-2a (Gen-
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Bank Accession No. AF232920) was performed by TaqMan assay

using ABI PRISM 7900 Sequence Detection System, following man-

ufacturer’s instructions (PE Applied Biosystems, Foster City, CA)

[19,20]. The fluorescent labeled TaqMan probe and non-labeled

primers that were designed with Primer Express 1.5 software (Applied

Biosystems, Japan) are as follows: 50-(FAM)-CTGAAGGAGACCAT

TCCCAGCTCGGA-(TAMRA)-30 (designed over the junction of exon

3 and exon 4), 50-ATGGGATCATCTGCAAATCAGA-30, 50-AGCT

CTTCCTCCGGAACACTTA-30. Dilutions of a cDNA sample pre-

pared from whole heart of a control mouse were used to construct a

relative standard curve of critical threshold cycle for the mlc-2a am-

plification. The amount of mlc-2a cDNA in each sample was expressed

as an n-fold difference relative to the control mouse as a calibrator.

Results

2-DE comparison of chimeric mice containing Chr 21 and
wild types

To determine the gene dosage effects of an extra copy
of Chr 21 in vivo, we compared overall protein expres-
sion patterns in whole heart and hippocampus of Chr 21
chimeric (heart, n ¼ 4; hippocampus, n ¼ 2) and wild
type mice (heart, n ¼ 2; hippocampus, n ¼ 2) by 2-DE
analysis. Control wild type mice were produced from
normal ES cells. Proteins obtained from chimeric tissues
were resolved by 2-DE and were detected by silver
staining. Analysis by PDQuest 6.2 software showed that
the majority of proteins had normal expression patterns.
Differences in dot intensity were observed in only a few
spots. Out of 843 protein spots, only one spot was ob-
served to be absent in the wild type mice, but present in
hippocampus of the Chr 21 chimeric mice (2/2 cases,
Figs. 1A and B). For whole heart, 495 protein spots were
observed. Out of these 495 protein spots, one spot had a
lesser intensity in Chr 21 chimeric mice (4/4 cases, Figs.
1C and D).

We identified these spots by in situ digestion with
lysylendopeptidase, and subsequent isolation of peptides
using HPLC, followed by sequencing of purified pep-
tides. Fig. 1G shows the result of HPLC purification and
Table 1 shows the amino acid sequences. Using Swiss-
Plot, all of the amino acid sequences exhibited 100%
homology to known proteins [18]. Spot 1 from heart
extract was identified as myosin light chain-2 isoform
mlc-2a (mlc-2a), which was downregulated in whole
hearts of Chr 21 chimeric mice. On the other hand, spot
2 from hippocampus extracts of chimeric mice was
identified as human superoxide dismutase [Cu–Zn]
(SOD1). The identified protein names and correspond-
ing spots are shown by arrows in Fig. 1.

To confirm differences in protein expression levels of
mouse mlc-2a, proteins obtained from whole heart of
each chimeric mice (Chr21 chimeric mice, n ¼ 2; wild
types, n ¼ 2) were resolved by 2-DE, and then examined
by Western blotting using anti-myosin monoclonal an-
tibody (light chains 20k). Figs. 1E and F show that

Fig. 1. 2-DE protein expression patterns in Chr 21 chimeric mice and

wild type tissues, and peptide purification by HPLC. (A)–(F) show

close up areas of 2-D gel protein patterns in tissues of Chr 21 chimeric

and wild type mice. Hippocampus proteins were separated by 2-DE

and detected by silver staining (A) and (B). Proteins from whole heart

were separated by 2-DE and detected by silver staining (C) and (D) or

Western blotting with monoclonal anti-myosin light chain (20k) (E)

and (F). (A), (C), and (E) were derived from wild type, and (B), (D),

and (F) were from Chr 21 chimeric mice. The same volume of tissue

extract was applied to each gel, (A)–(B) and (C)–(F). (G) were HPLC-

purified peptides from spot 1 and spot 2. The intensity of spot 1 was

reduced in whole heart of Chr 21 chimeric mice. Spot 2 was detected in

the hippocampus of Chr 21 chimeric mice. All fractions corresponding

to peaks were collected manually. The two peptide peaks marked with

numerals were analyzed with a protein sequencer.
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mouse mlc-2a protein is downregulated in Chr 21 chi-
meric mice (2/2 cases).

Quantitative analysis of mlc-2a protein expression level

To further confirm the difference in protein expres-
sion of mouse mlc-2a, we analyzed the protein expres-
sion levels in whole hearts of chimeric (n ¼ 4) and wild
type mice (n ¼ 2) quantitatively. Fig. 2A shows the
differences in the intensity of spots in whole heart tissue
as detected by silver staining using the PDQuest soft-
ware. In this gel, all Chr 21 chimeric mice exhibited
downregulation of mlc-2a.

RNA analysis using real time quantitative PCR

We performed real time PCR analysis to study tran-
scriptional expression levels of the mouse mlc-2a gene.
Total RNA was isolated from whole heart tissues of
controls (n ¼ 2) and Chr 21 chimeric mice (n ¼ 2).
Synthesized cDNA samples were assayed by real time
PCR using TaqMan probes. Representative results
confirmed by duplicate analysis are shown in Fig. 2B.
No significant differences in mouse mlc-2a mRNA ex-
pression levels were observed between controls and Chr
21 chimeric mice. These results suggested that mlc-2a is
post-transcriptionally regulated in heart tissue.

Mouse mlc-2a expression in undifferentiated ES cells

In another experiment, we attempted to study mRNA
and protein expression of ES cells containing an extra
copy of Chr 21 (ES[Chr 21]) and normal ES cells (con-
trol ES), which were used to produce the chimeric mice.
However, the mlc-2a protein and its transcript were
barely detectable in both ES[Chr 21] and control ES
cells (see Figs. 2A and B). This suggested that mlc-2a
expression could only be observed in differentiated
cardiac cells.

Confirmation of reduced human MLC-2A expression in
DS neonates

To confirm quantitatively the level of protein
expression of human atrial myosin light chain-2 (MLC-
2A), we examined atrium and ventricle samples from DS
neonate and normal controls using Western blot

analysis. The anti-myosin light chain monoclonal anti-
body was not specific to MLC-2A, and also cross-
reacted with other isoforms of myosin light chain. Thus,
proteins obtained from heart tissue were resolved by

Table 1

Peptide sequences of the HPLC peaks and corresponding proteins identified by Swiss-Plot

Spot no. HPLC peaks Sequences Swiss-Plot # Identification protein name

Spot 1 Peak 1 QLLMTQADK Q63977 Myosin light chain-2 isoform MLC-2A

Peak 2 ETYSQLGR

Spot 2 Peak 3 DGPVQGIIN P08228 Superoxide dismutase [Cu–Zn]

Peak 4 VWGSIK

A

B

Fig. 2. Quantitative analysis of mlc-2a mRNA and protein expression

in Chr 21 chimeric mice. (A) shows expression levels of mouse mlc-2a

protein in heart specimens by determination of relative intensity of

spots on 2-DE gels. Spots on 2-DE gels in Fig. 1 were detected by silver

staining, and analyzed quantitatively by scanning with PDQuest

software. Relative intensities were calculated from the density of each

spot normalized using the total density of spots. (*) shows retention of

Chr 21 in whole heart tissue of chimeric mice. (B) shows the relative

expression of mouse mlc-2a in gene transcripts assessed by TaqMan

probes. The cDNAs prepared from whole heart tissues of Chr 21

chimeric mice and control mice were analyzed for mlc-2a gene content.

The cDNA values normalized to the quantity of cDNA from the

control mouse #1 are shown as relative expression level. These ex-

periments were repeated at least three times.
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2-DE and detected by Western blotting. Consequently,
we confirmed the identity of the MLC-2A and ventric-
ular myosin light chain-2 (MLC-2V) protein isoforms by
2-DE and quantitative analysis using the PDQuest 6.2
software. Fig. 3 shows that expression of human MLC-
2A from the atrium of DS neonates was suppressed
threefold compared to the normal control.

Discussion

In this study, we used Chr 21 chimeric mice derived
from ES[Chr 21] cells. These chimeric mice had a wide
variety of characteristics similar to DS [7]. We compared
protein expression in heart and brain tissues from these
mice to those of wild type. We showed that Chr 21
chimeric mice not only expressed the SOD1 protein,
derived from an introduced extra copy of Chr 21 in
hippocampus, but also showed significant reduction of
an endogenous protein, mlc-2a in the heart. The mRNA
levels were similar in normal and Chr 21 chimeric mice
as analyzed by real time RT-PCR, suggesting that the
mlc-2a gene was post-transcriptionally regulated.
Moreover, we also confirmed that the expression of the
MLC-2A protein was downregulated in human heart
atrium of DS neonate.

The size of a single Chr 21 (33.8Mb) accounts for
1.02% of the total mouse genome size (3300Mb) [21,22].
However, in this study, the percentage of distinguishable

protein spots derived from Chr 21 among total spots on
2-DE gel was 0.12% (1/843) in hippocampus and 0%
(0/495) in whole heart. The ratio of differentially
expressed proteins in Chr 21 chimeric mouse cells was
10-fold lower than the corresponding genome ratio.

We speculate that in DS model mouse cells, the ex-
pression levels of most proteins derived from genes on
the extra Chr 21 are unaltered. Instead, expression levels
of a gene product derived from a chromosome other
than Chr 21 is markedly reduced in certain tissues be-
cause of a mass or secondary effect of an extra Chr 21.
An extra Chr 21 may change the total balance of gene
expression or a few specific genes on Chr 21 may modify
gene expression secondarily.

In both humans and mouse, mlc-2a is a cardiac-spe-
cific gene expressed in the adult atrium and during the
earliest stages of cardiac development. In situ hybrid-
ization studies during mouse embryogenesis showed that
mlc-2a was expressed specifically in cardiac tissue
throughout days 8–16 postcoitum, with atrial-restricted
expression from day 12 and qualitatively greater ex-
pression in the atrium than the ventricles from day 9
[23]. The preferential expression of this gene in the at-
rium occurs prior to chamber septation, and negative-
regulation of this gene in the ventricles is likely to be an
important step for the maintenance of normal ventric-
ular development [24]. Thus, mlc-2a expression corre-
sponds to the activation of the earliest known markers
of the cardiac muscle gene program. Consequently,
these data suggest that post-transcriptional downregu-
lation of mlc-2a in vivo has distinct effects on develop-
mental anomalies in early stages of cardiogenesis, and
altered expression of the mlc-2a gene plays a key role in
CHD observed in DS.

The mlc-2a gene is located on chromosome 11 in
mouse and chromosome 7 in humans, neither of which
are implicated in DS (human Chr 21) or DS models
(mouse chromosome 16) [18]. To our knowledge, this
proteomic-based study is the first demonstration that in
cardiac tissue, gene expression on chromosomes other
than Chr 21 are affected in mouse models of DS and
human DS patients. Previous studies of trisomy 21 have
focused on dosage-dependent gene regulation, and
showed that expression levels of a gene or gene cluster
such as SOD1 and Est-2 increase 1.5-fold in tissue of
patients with trisomy 21 [25,26]. However, our data
suggest that dosage imbalance due to trisomy 21 has a
trans-acting effect and lowers the expression of genes
encoded elsewhere in the genome [27].

In hippocampus, we detected differences in expression
levels of SOD1 protein, a gene found on Chr 21. SOD1
is the antioxidant enzyme which catalyzes the dismuta-
tion of superoxide to oxygen and hydrogen peroxide,
suggesting that the increase of SOD1 expression in brain
is associated with the neurological symptoms observed
in DS [26]. However, we did not observe human SOD1

Fig. 3. Protein expression of human MLC-2A in neonatal heart of a

DS specimen and normal control. Proteins in neonatal atrium and

ventricle of DS and normal controls were separated by 2-DE and de-

tected by silver staining or Western blotting with an anti-myosin light

chain (20k) monoclonal antibody. (A)–(C), Atrium samples. (D)–(F),

Ventricle samples. (A) and (D), silver-stained normal control. (B) and

(E), Western blotting of normal control. (C) and (F), Western blotting

of DS specimen. The same volume of protein sample was applied to

each gel, (A)–(C) and (D)–(F).
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protein expression in cardiac muscle of Chr 21 chimeric
mice. Thus, it cannot be concluded that SOD1 expres-
sion induces the DS phenotype in heart. This therefore
suggests that SOD1 does not contribute to the DS
phenotype in heart. Furthermore, we could not find any
difference in expression levels of Chr 21 proteins be-
tween wild type and Chr 21 chimeric mice in the heart
tissues. Instead, we noted a difference in protein ex-
pression levels of mlc-2a, a gene found on chromosome
11, suggesting the existence of two mechanisms involved
in the manifestation of the DS phenotype. The occur-
rence of these mechanisms was tissue-specific. In hip-
pocampus, genes on Chr 21 might directly affect the
phenotype. However, in cardiac muscle, mlc-2a possibly
contributes more to the DS phenotype as compared to
genes found on Chr 21. Other studies using undifferen-
tiated ES cells suggested that differences in mouse mlc-2a
expression levels could be induced after differentiation
of cells into cardiac tissue. Thus, other factors such as
state of differentiation are also important in the mani-
festation of the DS phenotype. We also reported that the
introduction of an extra Chr 21 into ES cells may lead to
the disturbance of cardiogenesis [13].

We have used human heart tissue to compare protein
expression in DS and normal neonate using this prote-
omic approach. As a result, a variety of candidate spots
other than the human mlc-2a protein were detected in
DS specimens (data not shown). We suggest that these
spots, aside from mlc-2a, could represent genetic or
phenotypic differences among individuals. In contrast,
when we employed a mouse model, only one candidate
protein was detected. Thus, protein analysis using Chr
21 chimeric mice is a valid and powerful approach for
further understanding the molecular mechanisms un-
derlying the pathogenesis of DS.
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