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Recent Progress in Basic Research on Cardiovascular Diseases Associated
with Down Syndrome

Hidekazu Ishida
Department of Pediatrics, Osaka University Graduate School of Medicine, Osaka, Japan

Among pediatric cardiologists and pediatric cardiac surgeons, Down syndrome is a well-known chromosomal
abnormality because of its association with various cardiovascular diseases. Although there still remain several
clinical questions regarding the fundamental mechanisms of higher occurrence of congenital heart diseases and
pulmonary arterial hypertension in Down syndrome, the underlying molecular mechanisms of this syndrome
on heart development and pulmonary vascular pathology are largely unknown. This review article aimed to
introduce previous retrospective cohort studies on Down syndrome and the current state of basic research on
cardiovascular diseases, including congenital heart diseases and pulmonary arterial hypertension associated
with Down syndrome.
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Table 1 Summary of the previous cohort study for Down syndrome
Freeman et al® Irving & Chaudhari®  Espinola-Zavaleta et al® Bush et al®

Year 1998 2012 2015 2018
Country USA UK Mexico USA
No. of patients 227 821 127 1,242
No. of CHD (%) 100 (44%) 342 (42%) 51 (40%) 944 (75%)
Types of CHD (% in all CHD) AVSD (45%) AVSD (43%) AVSD (12%) NA

VSD (35%) VSD (31%) VSD (14%)

ASD (8%) ASD (15%) ASD (10%)

PDA (7%) PDA (2%) PDA (4%)

TOF (4%) TOF (5%) TOF (0%)
% of PH in all DS NA NA 15% 28%
% of PH in DS with CHD NA NA 46% 35%

ASD, atrial septal defect (only in isolated); AVSD, atrioventricular septal defect; CHD, congenital heart disease; DS, Down syn-
drome; NA, not available; PDA, patent ductus arteriosus (only in isolated); PH, pulmonary hypertension; TOF, tetralogy of Fallot;

VSD, ventricular septal defect.
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Fig. 1
chromosome (MMU) 10, 17 and 16

Lana-Elola E, et al.
(2016)

Representation of human chromosome 21 (HSA21) and the orthologous regions on Mus musculus

Diagram of HSA21 shows the main cytogenetic bands (rectangles of different colors) and the centromere (oval). Green
rectangles show the extent of the duplication in each of the mouse strains reported here, indicating the first and last
genes at the ends of each duplication. Red rectangles indicate the critical regions responsible for congenital heart dis-
eases associated with Down syndrome which are reported by three previous studies. HSA21, human chromosome 21;

MMU, Mus musculus chromosome.

Table 2 Comparison of the mouse models for Down syndrome

Ts65Dn Ts2Cje Ts1Cje Dp(16)1Yey Tel TcMAC21
Mosaicism No No No No Yes No
Freely segregating chromosome Yes No No No Yes Yes
Number of HSA21 protein coding 110 (52%) 110 (52%) 68 (32%) 122 (57%) 158 (74%) 199 (93%)
genes (PCGs) orthologs
(% of all HSA 21 PCGs)
Infertility Male None None Male Male Male
Cardiac anomalies Aortic arch anomaly NA VSD 16% ASD 13% VSD 64% ASD 0%
(RAA, 1AA) 17% VSD 23% AVSD 9% VSD 14%
VSD 6% Mitral cleft 10% Normal 27% AVSD 5%
TOF 7% DORV 10%
DORV 3% Normal 71%
CoA 3%
Normal 63%
Reference no. 7,8 10, 11 12 13 14

ASD, atrial septal defect; AVSD, atrioventricular septal defect; CoA, coarctation of aorta; DORV, double outlet from right ventri-
cle; HSA21, human chromosome 21; IAA, interruption of aortic arch; NA, not available; RAA, right aortic arch; TOF, tetralogy of

Fallot; VSD, ventricular septal defect.
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Fig. 2 Generation of induced pluripotent stem cells (iPSCs) from a Down syndrome patient
(A) Phase contrast and immunocytochemical images of iPSCs. (B) Established iPSCs possess trisomy 21. (C) Three germ

layer differentiation was confirmed by histological assays. (D) Schematic image of establishment of trisomy 21 (Tri21)
iPSCs by using Sendai virus vector (SeV) and correction disomy 21 iPSCs (cDi21). (Modified from ref. 25 and 26)
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Cellular physiological assays of vascular endothelial cells (ECs) derived from trisomy 21 iPSCs (T21)
compared with correction disomy 21 iPSCs (cDi21)

The cellular proliferation, migration, attachment abilities were not significantly different. In contrast, apoptosis and mitochon-
drial reactive oxygen species (mROS) were significantly elevated in T21-ECs. Angiogenesis and oxygen consumption rate
were significantly impaired in T21-ECs as compared to cDi21-ECs. *p<0.05, **»<0.01, ***p<0.001. (Modified from ref. 24)
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RNA-sequence revealed the distinctive gene expression patterns in trisomy 21 vascular endothelial cells
(A) T-distributed Stochastic Neighbor Embedding (tSNE) plots of comprehensive gene expression profiles of two inde-
pendent lines of trisomy 21 (T21 and T21'), correction disomy 21 (cDi21), and healthy controls (HC_1 and HC_2) vascu-
lar endothelial cells. T21 and T21’ showed significantly distinctive gene expression profiles as compared to cDi21 and
HCs. (B) Quantitative PCR analysis for EGR7. EGR1 is extensively expressed in T21 and T21’ as compared to cDi21 and
HCs. *p<0.01. (Modified from ref. 24)
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Suppression of EGR1 expression by siRNA could restore the mitochondrial and endothelial functions
of trisomy 21 (T21) vascular endothelial cells (ECs)

(A) Representative phase contrast images of tube formation assays in T21-ECs and correction disomy 21 (cDi21)-ECs
treated with siEGR7 and scramble (scr) siRNA. (B) Quantitative analyses of tube formation assays showed significant

improvement of endothelial function in T21-ECs treated with siEGR7. (C) Oxygen consumption rate (OCR) was signifi-
cantly improved by treating with siEGR7. ***p<0.001. (Modified from ref. 24)
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Fig. 6 Histological analysis for lung tissues derived from a Down syndrome patient with severe pulmonary

hypertension

(A) Immunohistochemical analysis for EGR1 in the pulmonary arteries of a Down syndrome patient and a healthy con-
trol. (B) Representative images of quantitative analysis for EGR1 expression in pulmonary arterial endothelial cells by
using ImageJ software. (C) EGR1 expression in the pulmonary arterial endothelial cells of the Down syndrome patient
was significantly higher than that of healthy control. ***p<0.001. (Modified from ref. 24)
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Fig. 7 Schematic abstract image of the responsi-
ble signaling pathway for the development
of pulmonary hypertension in Down syn-
drome. (Modified from ref. 24)
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