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Abstract Down syndrome (DS), as a typical genomic aneuploidy, is a common cause of various
birth defects, among which is congenital heart disease (CHD). 40e60% neonates with DS have
some kinds of CHD. However, the molecular pathogenic mechanisms of DS associated CHD are
still not fully understood. This review summarizes available studies on DS associated CHD from
seven aspects so as to provide a crucial and updated overview of what we known so far in this
domain.
Copyright ª 2019, Chongqing Medical University. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).
Introduction

Defined as the abnormal copy number of genomic regions,
genomic aneuploidy is a common reason of human genetic
diseases. Down syndrome (DS), trisomy 21, as a typical
genomic aneuploidy, is the most common autosomal ab-
normality in live infants, with an incidence of 1/700e800.1

Various types of congenital malformations always occur in
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DS patients, among which is congenital heart disease
(CHD).2e4 40e60% newborns with DS have some kinds of
CHD, including 45% atrioventricular septal defects (AVSD),
35% ventricular septal defects (VSD), 8% isolated secundum
atrial septal defects (ASD), 7% isolated persistent patent
ductus arteriosus (PDA), 4% tetralogy of Fallot (TOF), and
1% other.5 In recent years, the number of DS associated CHD
(DS-CHD) present a growing trend6 and complex congenital
heart defects have become less common in infants diag-
nosed with Down syndrome, which could be a result of se-
lective abortion of fetuses with DS, or due to general
improvements in antenatal diagnostics of complex
congenital heart defects.7 Scientists have obtained the
genome of CHD in DS, yet they haven’t fully revealed the
and hosting by Elsevier B.V. This is an open access article under the
4.0/).
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underlying genomic or gene expression variation that
contribute to the phenotype of CHD in DS. Here, we sum-
marize previous research findings so as to provide a crucial
and updated overview of what we known so far in this
domain and point out the potential research directions in
the future based on this knowledge.
Figure 1 Critical genes on human chromosome 21 in DS
with CHD.
Pathogenesis of CHD in DS

DS has complex phenotype and two hypotheses are used
for explaining the DS associated CHD. Gene dosage
amplification hypothesis claims that an increased dosage
of genes on human chromosome 21 (Hsa 21) in DS may
increase the level of gene expression.8,9 Gene mutation
hypothesis holds that under the trisomy 21 background,
certain locus mutations can result in the occurrence of
CHD.10,11 In 1992, Korenberg et al12 first proposed the
concept of DS-CHD critical region (DSCR, 4e5 Mb region
from D21S55 (21q22.2) to MX1). Subsequently, the scope
of this area gradually narrowed. Recently, this region was
narrowed to 0.96 Mb on 21q22.2 and was suggested to
interact with another region (highly restricted DSCR, HR-
DSCR) to explain the potential relationship between DS
and CHD.13 This narrowed DS associated CHD critical re-
gion not only provides an effective method to identify
specific genes, but also help us to seek for pathogenic
gene exactly.

However, this approach is limited by the complex kar-
yotype of such individuals, the heterogeneity of the
phenotype and the rarity of the condition. For purpose of
studying the molecular mechanism of DS associated CHD,
many genes, genomic variations, signal pathways11,14e20

have been investigated and additional variables for DS-
CHD as well as some environmental exposures and sto-
chastic events.21,22
Gene dosage and genomic variations in DS-CHD

Genes on chromosome 21

DSCAM, COL6A1, COL6A2, KCNJ6 and RCAN1 have been
considered as candidate genes for the increased CHD risk in
children with DS (Fig. 1).23e25

DSCAM, located on 21q22.2, is a member of the
immunoglobulin superfamily of cell adhesion molecules
(Ig-CAMs) and is involved in the nervous system devel-
opment.26 Previous studies have suggested that, due to
the gene dosage multiplier in trisomy 21, the expression
of intercellular mucoprotein increases abnormally before
endocardial cushion development, which enhanced the
adhesion between cells and affected the fusion of
endocardial, causing AVSD.27

Collagen VI is made up of three chains encoded by
separate genes, two of which (COL6A1w2) lie on chromo-
some 21 (21q22.3).28 Collagen VI is expressed in fetal hearts
(5e18 weeks of development) and involved in the formation
of the original atrioventricular septum, including the mid-
dle and lower part of the atrioventricular septal valve and
the membrane.28,29 Overexpression of type VI collagen
(COL6A1, COL6A2) has been suggested to play a critical role
in the pathogenesis of AVSD in DS.29 It’s an interesting
phenomenon that AVSD, VSD, PS and TOF could be observed
if both DSCAM and COL6A1 were co-expressed, while only
DSCAM was copied, just TOF was seen. It indicates that
DSCAM and COL6A1 may have synergistic effect on the
overall cardiac defects.24

RCAN1, also known as DSCR1, is located at 21q22.1 and is
of great significance in the occurrence of DS-CHD.30 RCAN1
encodes one of the calcineurin inhibitors and negatively
regulates calmodulin phosphorylation.31 Calcineurin can
dephosphorylate the nuclear factor of active T cell (NFAT),
which is the first transcription factor only expressed in
cardiac endothelial cells, and its overexpression can pro-
mote NFATc1 nuclear translocation, resulting in target gene
activation.32 The overexpression of RCAN1 in the trisomy 21
lead to decrease dephosphorylation of NFAT by inhibiting
activity of calcineurin during the development of embry-
onic cardiac tubes, which affects the development of heart
valves and septum, bringing out CHD.33,34

KCNJ6 gene encodes for the Kir3.2/GIRK2 protein sub-
units of G protein-regulated Kþ(K G) channels and could
activate Kþ (K G) channels.35 It has been reported that
overexpress Kir3.2 proteins in DS could reduce negative
chronotropic effect on sino-atrial node and alter cardiac
regulation and arrhythmogenicity.36

Genes on other chromosome

However, not all patients with DS have defects of septum
and valve, and such defects are also observed in patients
without DS. Other genes, not localized on chromosome
21, may play important roles in the development of these
cardiac anomalies. As a matter of fact, the genes
CRELD1, CRELD2 and ALK2 seem to increase susceptibility
to DS-CHD.11,37e39

The CRELD family of proteins have two members:
CRELD1 and CRELD2. CRELD1, located on 3p25, is the first
found to be involved in the pathogenesis of isolated AVSD
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(with or without DS).40 It is expressed during endocardiac
cushion development and encodes a cell surface protein
that acts as cell adhesion molecule. Several studies have
found missense mutations in CRELD1 in DS patients with
AVSD.37,41 Nevertheless, a separated study on isolated AVSD
(without DS) showed no significant pathogenic mutations in
an additional 31 individuals.41 Together these results indi-
cate that mutations in CRELD1 may contribute to the
pathogenesis of AVSD in the context of trisomy 21.

Mapping of CRELD2 by FISH shows that it locates on
22q13.38 As the only homologous gene of CRELD1, CRELD2
encode proteins that are highly similar with CRELD1 in
structure and function, and the expression of CRELD2 and
CRELD2 overlaps spatially and temporally during embryonic
development, indicating that they play a similar role in the
biological pathway.37,38

Bone morphogenetic proteins (BMPs) and associated
signaling pathways are participated in the regulation of a
lot of processes in cardiovascular development.42

Indwelling on 1q, ALK2 gene, encoding the type I receptor
for BMPs, plays a vital nonredundant role in early phases of
endocardial cushion formation during the period of cardiac
morphogenesis. Eliminating ALK2 gene from the endocar-
dium structure of developing mouse embryo may reduce
phosphorylation of BMP, which lead to a failure of endo-
cardium cushion to fuse.43 So far, although only one liter-
ature has reported ALK mutation (p.His286Asp) in a DS
patient with primary ASD through large-scale candidate
gene-sequencing screen,39 these data remind that ALK2-
mediated reduction of BMP signaling pathway may
generate CHD in DS background.

MicroRNAs

MicroRNAs (miRNAs) have a size of w20 nt and their main
action are the negative regulation of gene expression. The
major mode of action of these miRNAs is to interact with
the 3‘-untranslated region of their target messenger RNAs
(mRNAs), hence induce mRNAs degradation or inhibit their
translation.

It has been reported that DS was linked to five miRNAs,
including miR-99a, let-7c, miR-125b-2, miR-155 and miR-
802,44 all of which were identified on human chromosome
21 and over-expressed in cardiac tissue of patients with
trisomy 21.44 Some researchers45 observed that over-
expression of the cluster could decrease their targets in
fetal heart tissue of Down syndrome, suggesting that the
miR- 99a/let-7c cluster may contribute to CHD in Down
syndrome. By bioinformatics analysis, Wang L et al46 spec-
ulate AUTS2, and KIAA2022 might participate in AVSD in DS
patients by interacting with miR-518a, miR-518e, miR-518f,
miR-528a, and miR-96. These data need to be further
verified by in vivo and in vitro experiments.

CNVs and SNP

The genetic architecture of the CHD risk for DS seems to be
complex, which also include copy number variations (CNVs)
and single nucleotide polymorphisms (SNP) on chr21 and
probably in the rest of the genome.17 The observation that
AVSD is the most frequent CHD in Caucasian patients with
DS,47 while VSD is the preponderant CHD in Asian48 suggests
that the presence of SNP showing population-related vari-
ability probably leads to the different predisposition to
specific CHDs in the various ethnicities. However, other
experimental results showed that CNVs didn’t appear to
increase the risk of DS associated AVSD.49,50 As is AVSD in
the euploid population, DS associated AVSD is similarly
heterogeneous.
Folate/homocysteine metabolism

Folate is an essential substance which methylates DNA
and proteins and converts homocysteine into methionine
by donating methyl groups for purine and pyrimidine
synthesis. A population-based case-control study22 sug-
gested that short of maternal folic acid supplementation
was associated with septal defects in newborn with DS.
However the mechanism is not fully understood. Three
aspects can be considered: folate transport and absorp-
tion, folate and homocysteine metabolism. Folate is
absorbed by the small intestine in the form of mono-
glutamic acid by reduced folate carrier (SLC19A1). It has
been reported51 that SNP rs1051266 (c.80A > G) might
alter folate uptake and became a risk factor for DS-CHD.
Enzymes involved in the metabolic pathway of folate and
homocysteine include MTHFR (Methylenetetrahydrofolate
Reductase), MTR (Methionine Synthase), MTRR (Methio-
nine Synthase Reductase) and CBS (Cystathionine b-syn-
thase). Up to now, only a few case-control researches
assessed these genes as CHD risk factors in DS patients.21

Locke et al51 and Brandalize et al52 found SNPs of MTHFR
(c.677C > T and c.1298A > C) in mothers of DS individuals
increased the risk of having a baby with DS-AVSD, while
Bo�zovi’ c et al53 got the contradictory conclusion that no
association between the presence of either MTHFR
677C > T or MTHFR 1298A > C polymorphisms in the risk
of having a child with DS-CHD. Recently, using meta-
analysis in some big databases and Clinical Trials, Zhang
Y et al54 found that MTHFR C677T and A1298C were not
associated with CHD (OR, 1.05; 95% CI, 0.89e1.25), while
MTHFR C677T was connected with Down syndrome (OR,
1.65; 95% CI, 1.39e1.95). Those results are inconsistent,
however, disrupting of the genes may be involved in
folate/homocysteine metabolism still could influence the
development of embryonic heart in DS individuals.
Nongenetic factor

Besides above factors, several studies55,56 have demon-
strated that perturbation of tissue of extracardiac origin,
known as dorsal mesocardial protrusion (DMP), represents
another major determinant causing CHD in DS. The cluster
of extracardiac mesenchymal cells arises from the posterior
segment of the second heart field (SHF) in the splanchnic
mesoderm, and grows toward the atrial surface of the
primitive atrioventricular canal, in particular toward the
inferior dorsal endocardial cushion, to close the primary
atrial foramen and form the atrioventricular junction.57,58

In trisomy 21 background, disturbing the development of
DMP may lead to AVSD.55
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Pathway signal

Recent studies have also suggested the potential contri-
bution of VEGF-A, Sonic Hedgehog (Shh) signaling, the
cross-presentation of particulate exogenous antigens
(phagosomes) and the methionine salvage pathway, calci-
neurin/NFAT and folate pathways to the pathogenicity of
DS-CHD.11,15,31,51,59

Acting in the VEGF-A pathway, six missense variants
(COL6A1, COL6A2, CRELD1, FBLN2, FRZB and GATA5)
were found to be damaged among individuals with DS and
complete AVSD,11 suggesting that rare variants in the
VEGF-A pathway might generate the genetic backbone of
AVSD in DS.

Hedgehog signaling is an evolutionarily conserved
signaling pathway that plays an important role in embryonic
development and adult tissue homeostasis. The DMP
development requires cilia-based Sonic (Shh) signaling, and
cilia are structurally present in the SHF.60,61 Because of
abnormal expression of Shh signaling, decreasing DMP pro-
liferation could be observed in mice, which inhibited the
fusion of the atrioventricular cushions with the inferior
margin of the septum primum and resulted in AVSD.58,60

Using the individualized pathway aberrance score (iPAS)
method, Chen YQ et al59 analyzed 10 human DS patients
and 5 control samples and predicted the cross-presentation
of particulate exogenous antigens (phagosomes) and the
methionine salvage pathway could be good indicators of DS-
CHD. However, the specific molecular mechanism needs to
be further studied.

Calcineurin/NFAT and folate pathways are no longer
detailed since we have described earlier in this article.

Concluding remarks

In this review, we summarized the possible molecular
mechanism of DS associated CHD from seven aspects.
Gene dosage imbalance hypothesis and gene mutation
hypothesis are the main pathogenesis. Genes related to
DS with CHD include DSCAM, COL6A1w2, KCNJ6, RCAN1,
CRELD1, CRELD2 and ALK2. Among these genes, DSCAM,
COL6A1w2, KCNJ6 and RCAN1 located on chr 21 cause
abnormal heart development through different mecha-
nisms by gene dosage effect, while CRELD1, CRELD2 and
ALK2 lied on other chromosome result in CHD due to gene
locus mutation. MicroRNA, miR-518a, miR-518e, miR-
518f, miR-528a, and miR-96, might participate in AVSD
in DS patients by negatively regulating AUTS2 and
KIAA2022 gene expression. Overexpression of the miR-
99a/let-7c cluster subsequently decreased their targets
in fetal DS heart tissue. SNP and CNVs probably contrib-
utes to the different predisposition to specific CHDs in
the various ethnicities. Lack of maternal folic acid sup-
plementation is associated with septal defects in infants
with DS although the mechanism is not fully understood.
On note, disturbing the development of DMP could
generate the defect of endocardial cushion in trisomy 21.
Finally, the involved signal pathways include VEGF-A,
Sonic Hedgehog (Shh) signaling, calcineurin/NFAT, and
folate pathway. They play indispensable roles in the
development of DS-CHD by those genes above mentioned.
In addition to the factors mentioned above, there may be
other new mechanisms that have not yet been discov-
ered, and we believe that the CHD phenotype in DS pa-
tients is a combination of multiple factors which interact
each other synergistically or antagonistically and partic-
ipate in the occurrence of DS-CHD.

Future research

Our comprehending of the molecular pathogenesis of DS
associated CHD is significantly insufficiency. Many impor-
tant future research goals need to be achieved. Functional
of all HSA21 genes related to CHD should be analyzed in
timing and cellular specificity of expression. Exploring of
coding and non-coding DNA on other chromosome that tend
to occur DS-CHD will also be important. Finally, relevant
non-coding RNAs (miRNAs, lncRNA) and their targets need
to be verified. Now all the research that we’re doing on DS-
CHD is like the blind man feeling the elephant, one day we
will know all the truth.
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