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ABSTRACT
During the last years, Down syndrome has been the focus of special attention. Down syndrome is a gene-

tic disorder characterized by distinct physical features and some degree of cognitive disability. Patients with 
Down syndrome also present many other congenital anomalies. The mapping for phenotypes to specific 
regions of chromosome 21 permits to identify which genes (or small regions) contribute to the phenotypic 
features of Down syndrome and thus, to understand its pathogenesis. Mainly there are three cytogenetic 
forms of Down syndrome: free trisomy 21, mosaic trisomy 21 and robertsonian translocation tri-
somy 21. Prenatal and postnatal testing has become commonly used to diagnose different cases presenting 
the same pathology. Early clinical diagnosis is extremely important for patient prognosis.

Lately, advances in Down syndrome research have been registered, but little is known about cardiovas-
cular phenotype in Down syndrome. About half of patients with Down syndrome have congenital heart 
disease, and atrioventricular septal defects are the most common defects found.  

Basic research on Down syndrome is now rapidly accelerating, using new genomic technologies. There 
were many studies performed to identify a correlation between genotype and phenotype in Down syndrome.
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BACKGROUND

Down syndrome (DS) is a clinical en-
tity recognized for about 150 years 
(1), correlated 100 years later with 
trisomy 21 (2), represents the most 
common human autosomal aneu-

ploidy and also the most common cause of inte-
llectual disability (3).

The high degree of variability of the pheno-
type is the hallmark of DS clinical picture, not 
every patient having the same problems or asso-
ciated conditions.

Down syndrome incidence is ranging from 
1 in 650 to 1 in 1000 live births dependent on 
the population (4).

Genetic progress

The genetic basis for DS is trisomy 21: the 
presence in the genome of three chromosomes 21 
instead of two, how it is normal. Chromosome 21 
is the smallest human chromosome and contains 
200 to 300 genes. Analysis of the chromosome 
revealed 127 known genes, 98 predicted genes 
and 59 pseudogenes (5).
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Down syndrome patients have an increased 
dosage or copy number of genes on chromo-
some 21. The genes that are involved are normal 
and their gene products are also normal. The ge-
netic abnormality involves the production of in-
creased amounts of products of the genes on 
chromosome 21 which have been overexpressed 
in cells and tissues of DS patients, showing phe-
notipic abnormalities (6). Because half of all pa-
tients with DS have a normal heart, this aspect 
suggests that genetic modifiers interact with do-
sage sensitive genes on chromosome 21 to result 
in congenital heart disease (CHD) (7).

Trisomy for functional non-protein-coding 
DNA elements could be involved in some of the 
abnormal phenotypes.

Diagnostic possibilities

Prenatal testing
For pregnancies, the high risk of DS is evalua-

ted by fetal sample’s analyzing after invasive cho-
rionic villus sampling (CVS) and amniocentesis, 
and by applying laboratory techniques such as 
conventional cytogenetic analysis (karyotype), 
Fluorescence in Situ Hybridization (FISH), Quan-
titative Fluorescence-Polymerase Chain Reaction 
(QF-PCR), Multiplex Ligation Probe Assay (MLPA) 
and array Comparative Genomic Hybridization 
(CGH), which are common techniques used for 
prenatal diagnosis of DS and each of them pre-
senting with advantages and disadvantages. 
There is also a noninvasive technique for detec-
tion of trisomy 21 by Next Generation Sequen-
cing (NGS) technology, known as Non Invasive 
Prenatal Diagnosis (NIPD). The process is based 
on analysis of extracted cell-free fetal DNA scre-
ening from maternal plasma samples.

Postnatal testing
Constantly conventional karyotype from pe-

ripheral blood is performed to confirm diagnosis 
for all patients suspected by Down syndrome.

Cytogenetics
Down syndrome is caused by trisomy of chro-

mosome 21. Mainly there are three cytogenetic 
forms of DS:

1. Free Trisomy 21 consists of a supplementary 
chromosome 21 in all cells (8).

2. Mosaic Trisomy 21 means that there are 
two cell lineages, one with the normal number of 

chromosomes and another one with an extra 
number of chromosome 21 (9). The mechanism 
of occurrence consists of an error or misdivision 
after fertilization during cell division.

3. Robertsonian Translocation Trisomy 21 oc-
curs only in 2-4% of the cases (10). The long arm 
of chromosome 21 is attached to another chro-
mosome, generally an acrosome, mainly chro-
mosome 14 (11).

Around 90% of free trisomy 21 is due to a ma-
ternal meiotic error (13, 14) and only a small 
fraction is due to paternal errors (15).

Mosaic trisomy 21 occurs postzygotically due 
to a malsegregation of homologs or an anaphase 
lag (16).

Robertsonian translocation trisomy 21. There 
are two forms of Robertsonian translocation DS: 
familial and de novo. In case of the familial form, 
a parent is carrier of a translocation and this can 
transmit that translocation in an unbalanced form 
to the child, while for the de novo cases, parents 
have a normal karyotype and the abnormal chro-
mosome occurs as a spontaneous event in mater-
nal meiosis I from a chromatid translocation (17).

4. Other forms of trisomy 21
a) A terminal rearrangement of chromosome 

21 around the telomeric region (18), the final 
chromosome having two centromeres and sate-
llites on both ends.

b) As a component of a double aneuploidy 
(for example, 48,XYY,+21 or 46,X,+21) (19, 20).

Molecular aspects
To understand DS it is crucial to know the ge-

nomic content of chromosome 21 and under-
stand how the expression of these genes is altered 
by the supplementary chromosome 21. Many stu-

Form of 
Down 
syndrome

Standard 
trisomy 21

Robertsonian 
trisomy 21

Mosaic 
trisomy 21 Other

Frequency 95% 4% 3-5% 1%

Mechanism Maternal meiosis 
85-90% Familial 25% Mitotic

-   Meiosis I 75% De novo 75%
-    Meiosis II 25%
Paternal meiosis 
3-5%
-    Meiosis I 25%
-    Meiosis II 75%

TABLE Origins of Trisomy 21 
(Gardner RJ, Sutherland G, Shaff er L, 2012)
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dies were performed to identify a correlation be-
tween genotype and phenotype in DS.

The duplication of a specific region of chro-
mosome 21 could be responsible for the main 
features of DS. A critical region was suggested 
(21), namely Down Syndrome Critical Region 
(DSCR), which was defined with a proximal 
boun dary between markers D21S17 (35 892 kb) 
and D21S55 (38 012 kb) and a distal boundary at 
MX1 (41 720 kb) (22). Molecular studies of rare 
individuals with CHD and partial duplications of 
chromosome 21 established candidate gene 
DSCAM, which was expressed in the heart during 
cardiac development (23). Using the array com-
parative genomic hybridization technique to 
ana lyze patients with anomalies of chromosome 
21, partial trisomy 21 and partial monosomy 21, 
the results suggested that there were more re-
gions responsible for all aspects of the Down syn-
drome phenotype (24). The mapping pheno-
types to specific regions of chromosome 21 
permit to identify which genes (or small regions) 
contribute to DS phenotypic features, and thus 
to understand DS pathogenesis (24).

Basic research on DS is now rapidly accelera-
ting, using new genomic technologies. More ad-
ditional studies are needed to reduce the candi-
date regions for certain phenotypes.

Genetic counselling in Down syndrome

Cytogenetic investigation of all individuals 
suspected with DS is very important to establish 
a precise diagnosis and is mandatory in deter-
mining the recurrence risk of the syndrome in 
future generations.

Free trisomy 21 typically occurs as a sporadic 
event and recurrences are rare. When recurrence 
exists, the hypotheses are: gonadal mosaicism, a 
parental predisposition to nondisjunction, the ef-
fect of endogenous factors and environmental 
exposures and also chance (8).

Mosaic trisomy 21. Two different mechanisms 
were described for the formation of mosaicism: 
one is a mitotic error in a normal, euploid 
zygote resulting in a mosaic embryo having 
46/47,+21 karyotype, the 45,-21 cell line being 
nonviable, and the other one is a nondisjunction 
in parental gametogenesis followed by an early 
postzygotic malsegregation of chromosome 21 (“tri  -
somy rescue”). A significant proportion of the mo-
saic parents had been conceived as trisomics (25, 26).

FIGURE 1. Normal karyotype: 46,XY 
(image by courtesy of genetic laboratory of 
Alessandrescu-Rusescu INSCM)

FIGURE 2. A female newborn with Down 
syndrome with a karyotype showing a free trisomy 21:  
47,XX,+21 (image by courtesy of genetic laboratory of 
Alessandrescu-Rusescu INSCM)

FIGURE 3. A girl with Down syndrome with a 
karyotype showing a Robertsonian translocation 
14;21: 46,XX,t(14;21)(q10;q10),+21 
(image by courtesy of genetic laboratory of 
Alessandrescu-Rusescu INSCM)
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Robertsonian translocation trisomy 21

Always a karyotype analysis of both parents is 
recommended if a case with DS is due to a trans-
location. Robertsonian translocations carry re-
productive risks that are dependant on the chro-
mosomes involved and the sex of the carrier 
from the family. If neither parent carries a 
Robertsonian translocation, the DS recurrence 
risk is low, similar to that of free trisomy 21. Ad-
vanced maternal age has been established to be 
a risk factor associated with DS (27). 

First trimester screening in pregnancy by a 
combination of fetal echography (nuchal translu-
cency) and biochemical serum maternal prenatal 
screening (free--human chorionic gonadotro-
phin and pregnancy-associated plasma protein-A) 
can identify about 90% of fetuses with trisomy 
21 and other major aneuploidies for a false-posi-
tive rate of 5% (28).

Assessment of fetal nuchal translucency (NT) 
combined with screening of congenital heart 
di seases may predict many major cardiac defects 
in the first trimester (29).

Congenital heart diseases and Down syndrome

General information
The first report about an association between 

DS and heart malformation was in 1894 (30) and 
first correlation between atrioventricular septal 
defects (AVSD) and DS has been suggested al-
most 25 years later (31).

About half of patients with DS have CHD 
(32, 33), one of the major causes of morbidity and 
mortality (34), and the spectrum of CHD pattern 
varies widely, encompassing any structural abnor-
mality in the heart and great vessels. Atrioventri-
cular septal defects are the most common defects 
found. About half of the AVSDs occur in patients 
with DS (35). Although trisomy 21 is a risk factor 
for CHD, it is not a sufficient requirement (about 
40–60% of people with trisomy 21 do not have 
CHD), so it is important to identify susceptibility 
genes.

Embriology
Atrioventricular septal defects represent a 

spectrum of cardiac malformations including 
three subtypes: incomplete AVSD, transitional 
AVSD and complete AVSD (36, 37). Incomplete 
AVSDs are characterized by the presence of dis-
tinct mitral and tricuspid annuli, or left and right 

valvar orifices. In transitional AVSDs, fusion of 
the anterior and posterior bridging leaflets results 
in a single valvar annulus. Complete AVSDs are 
characterized by the presence of a single, com-
mon AV valve orifice (36, 37). Complete AVSDs 
may also be classified according to the Rastelli 
classification system, which is based on the mor-
phology, degree of bridging and chordal attach-
ments of the superior leaflet (38). 

These defects arise from abnormal deve-
lopment of the endocardial cushions, giving rise 
to partial, intermediate or complete AVSD. Sep-
tal formation begins at the end of the fourth 
week of fetal life, when the atrioventricular en-
docardial cushions appear at the superior and 
inferior borders of the atrioventricular canal. In 
addition, the two lateral atrioventricular cushions 
appear on the right and left borders of the canal. 
It is a defect in the fusion of the superior and in-
ferior cushions which results in a persistent atrio-
ventricular canal and thus an AVSD (39).

Understanding of the genes responsible for 
distinct steps of cardiac morphogenesis is neces-
sary could help to define better all these aspects 
of embryologica framework.

Epidemiology
There are important differences among geo-

graphical regions. In Western European countries 
and the USA, endocardial cushion defect (43%), 
which results in AVSD/AV canal defect, was the 
main cardiac abnormality, followed by ventricular 
septal defect (VSD) (32%), secundum atrial septal 
defect (10%), tetralogy of Fallot (6%) and isolated 
patent ductus arteriousus (PDA) (4%) (32, 40). In 
Asia, isolated VSD has been reported to be the 
most common cardiac defect (40%) (41, 42). One 
study from Korea showed that atrial septal defect 
was the most common defect accounting for 
30.5% of DS, followed by ventricular septal defect 
(19.3%), patent duct arteriosus (17.5%) and atrio-
ventricular septal defect (9.4%) (43). The secun-
dum type of ASD was the most common cardiac 
lesion from Latin America (44, 45). In Lybia, the 
most common isolated cardiac lesion was the atri-
al septal defect (ASD), found in 23% patients (46).

Genetics
The occurrence of CHD or the type of defect 

has little correlation with the chromosome 21 
abnormality itself. Three copies of chromo-
some 21 increase the risk for CHD, but triso-
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my 21 itself is not sufficient to cause CHD. 
Additio nal genetic variation and/or environmen-
tal factors could contribute to the CHD risk (47). 
Candidate non–chromosome 21 genes have also 
been identified for susceptibility to several CHDs 
and AVSD in particular (not related to DS) (48). 
Atrioventricular septal defects and CRELD1 gene 
have been associated in the context of DS, muta-
tions in this gene contributing to the pathogene-
sis of AVSD (49). Atrioventricular septal defects 
(AVSDs) occur as clinical defects of several dif-
ferent syndromes, autosomal dominant defects 
and sporadically occurring malformations (50). 
Also, GATA4 gene mutations have been found in 
families with cardiac malformations that inclu-
ded AVSD (51).

Another study among individuals with DS and 
complete AVSD identified potentially damaging 
variants in six genes: COL6A1, COL6A2, CRELD1 
(already known), FBLN, FRZB, GATA5 involved in 
VGFA pathway (52).

The next developmental studies and the new 
technologies will identify the exact mode of ac-
tion by establishing the link between the genome 
variability and the phenotypic variability. 
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