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Introduction

Down syndrome (DS) is not only the most common autosomal
chromosomal abnormality but also the most viable trisomy, being determined in
95% of cases by trisomy 21. For the moment, the understanding of the
pathogenic mechanisms of SD is based on two theories: the ‘gene dosage
theory’, which postulates the disproportionate expression of genes from the
duplicated regions of chromosome 21 and the theory of ‘development instability’,
which takes into account the non-specific alteration of gene expression (18, 24,
25). The prenatal diagnosis of DS is primarily based on invasive procedures
such as puncture of the chorionic villus sampling (CVS) and amniocentesis (AF),
with a risk of pregnancy loss of 1-2% (1, 4). Several clinical studies have
validated the analysis of free circulating fetal DNA as a method with high
sensitivity and specificity for the screening of aneuploidies, which has led to the
clinical implementation of NIPT since 2011 (62). However, 9 years after its
introduction into the clinical practice, NIPT remains a costly test, whose results
are expressed in degrees of risk and is accessible only to a small percentage of
the population. The main disadvantage is the probability of not achieving a
conclusive result due to the low amount of fetal DNA in the maternal blood, which
explains its utility only after the 10t week of pregnancy (18, 67).

The associated risks, high costs and rather late diagnosis during
pregnancy of the current testing methods fully justify the efforts to discover a
(non-invasive, if possible) cost-effective method for early prenatal diagnosis of
Down syndrome. To this end, due to their high stability in biological fluids,
microRNAs are ideal candidates.

MicroRNAs are small non-coding RNA molecules (22-25 nucleotides),
whose main function is the posttranscriptional regulation of gene expression.
MicroRNAs’ use as biomarkers for non-invasive diagnosis of various pathologies
has been intensively studied, especially due to the increased stability in
biological fluids (98,131-137).

Postulating that the presence of three copies of chromosome 21 causes
an increase of at least 50% in the expression of the corresponding genes
(including those that encode microRNAS), the aim of this study is to quantify by
gRT-PCR the expression of microRNAs mapped on chromosome 21 (of which
only five were confirmed experimentally: miR-99a, let-7c, miR-125b-2, miR-155
and miR-802). In addition, we aimed to analyze the suitability of CVS/AF
MiRNAs as DS biomarkers, the mechanisms leading to an alteration in mature
microRNA expression (transcriptional or post-transcriptional) and to evaluate the
impact that differentially expressed microRNAs on DS transcriptome.

To the best of our knowledge, here we provide the very first data
indicating the alterations of posttranscriptional regulatory mechanisms of
microRNA expression in a trisomic context. It should be noted that, at the time
this study was initiated, (2014), there was one single published study analyzing
the suitability of mi(21) as biomarkers for prenatal diagnosis (168).



Purpose and objectives
The purpose of this study is 1) to evaluate the utility of microRNAs
mapped on chromosome 21 as biomarkers for prenatal diagnosis of DS, 2) to
analyze the mechanism of alteration of expression of these mature microRNAs
and 3) to evaluate the impact of the differentially expressed microRNAs on the
DS amniocytes and cardiomyocytes.
In this regard, the following objectives have been achieved:
1. Establishment of the study group;
2. Quantification of microRNAs mapped on chromosome 21 and of the
specific placental cluster miR-371/3 (used as biological control) in chorionic
villi and amniotic fluid samples from DS and euploid pregnancies;
3. Quantification of pri-microRNAs corresponding to the mature microRNAs
identified as having significantly altered expression in chorionic villi and
amniotic fluid samples from Down syndrome and euploid pregnancies;
4. Quantification of let-7c expression in placenta samples collected from Dp
(16) 1Yey / + transgenic mice (Down syndrome experimental model)
5. Statistical analysis of microRNA expression;
6. Bioinformatic analysis of the impact of microRNA expression placental and
cardiomyocyte fetal transcriptome.

Results

This study included pregnant women which were recommended by an
obstetrician-gynecology doctor to undergo prenatal screening for aneuploidy.
The patients’ recruitment took place between 2014-2016 and included 59
patients aged 21 to 42, of whom 23 were diagnosed with Down syndrome and
36 had normal, euploid pregnancies. There was no statistically significant
difference (p=0.07) between the age of the patients with trisomic pregnancies
(34.9) and the patients with normal, euploid pregnancies (35.45 yo). In total, 34
patients had pregnancies with female fetuses (F), and 25 patients had
pregnancies with male fetuses (M); there are no statistcially significant
differences between the two fetal sex groups.

Studiul s-a desfasurat conform principiilor de etica din cadrul Declaratiei
de la Helsinki, dupa ce a fost obtinutd aprobarea comisiei locale de etica a
Spitalului Clinic Judetean de Urgenta Timisoara (nr. 73/ 20 decembrie 2014).

Materialul biologic a fost obtinut de la paciente cu risc crescut de
aneuploidie in urma screeningului prenatal prin biopsia vilozitatilor coriale (CVS)
si amniocenteza (AC) de catre obstetricieni cu experientd, ca parte a procedurii
de diagnostic a unei eventuale aneuploidii.

The study was carried out in accordance with the ethical principles of the
Helsinki Declaration, with the approval of the Ethics Committee of the County
Emergency Clinical Hospital of Timisoara (no. 73/20 December, 2014).

Biological material was obtained by biopsy of chorionic villi (CVS) or
amniocentesis (CA) carried by experienced obstetricians, from patients
diagnosed at increased risk of aneuploidy following prenatal screening, part of
the diagnostic procedure for eventual aneuploidy.



Study 1. Quantification of mature miR(21) expression in biological samples
of amniotic fluid and chorionic villi

The evaluation of mature miR(21) expression in biological samples from
DS and euploid pregnancies was performed by gRT-PCR, using the TagMan
MicroRNA Cells-to-Ct kit (Ambion) and specific TagMan primers.

Contrary to our expectations, none of the quantifiable (miR-99a, miR-
125b-2, miR-155, let-7c) miR(21) had significantly differentiated expression in
Down vs euploid samples. It is worth noting that, nevertheless, miR-99a, miR-
125b-2 and miR-155 are increased while let-7c is decreased in both AF and CVS
samples, tendencies that need wider, well structured lots of patients for
confirmation (Fig. 1). miR-802 was amplified very late, after the threshold
detection limit (Ct = 40) in more than 70% of the samples, thus being considered
undetermined.

miR(21) expression analysis did not identify significant changes in
trisomic samples from male fetuses compared with same-sex euploid samples,
while an opposite expression pattern was observed when chorionic villi samples
are compared to those of amniotic fluid.

In amniotic fluid samples from pregnancies with female fetuses, miR-99a
was found to be significantly overexpressed (FC=3,769; p=0.0005) in
pregnancies with DS compared to euploid ones (Fig. 2). It should be noted that
in the case of samples of chorionic villi arising from trisomic pregnancies with
female fetuses, all miR (21) were over-expressed, although not statistically
significant (Fig. 2).
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Fig 1. Change of mature mir(21) expression in CVS and AF biological samples.
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Fig 2. Change of mature mir(21) expression in CVS and AF, female fetuse biological
samples;* P<0,001

Study 2. Quantification of mature miR-371-1/3 cluster expression in
biological samples of amniotic fluid and chorionic villi

The evaluation of mature miR-371-1/3 expression in biological samples
from DS and euploid pregnancies was performed by gRT-PCR, using the
TagMan MicroRNA Cells-to-Ct kit (Ambion) and specific TagMan primers. This
placenta specific, evolutionary conserved cluster served a biological control for
viability of CVS/AF/samples.

miR-371 was excluded from our analysis because, in over 70% of the
samples was amplified below the established detection limit (Ct = 40), thus being
considered undetermined. All other microRNAs in the miR-371-1/3 cluster (miR-
372, miR-373, miR-373*) were overexpressed in amniotic fluid samples from
pregnancies with DS samples compared to euploid samples (Fig. 3). In samples
of chorionic villi, with the exception of miR-373* (downregulated), all other
microRNAs within the cluster are overexpressed. However, the change was
statistically significant only for miR-373 (FC = 10.10; p = 0.02) (Fig 3).

Gender oriented analysis of miR-371-1/3 expression did not identify
significant changes in the trisomic samples of amniotic fluid or chorionic villi
when compared with euploid samples.
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Fig 3. Change of mature mir-371-1/3 expression in CVS and AF biological samples;
% p<0,005

Study 3. Quantification of pri-microRNA expression in biological samples
of amniotic fluid and chorionic villi
We decided to quantify 4 pri-microRNAs (pri-let-7c, pri-miR-99a, pri-miR-155,
pri-miR-373), corresponding to mature microRNAs previously shown to have
statistically significant altered expression levels; to this end, we used the
TagMan Gene Expression Cells-to-Ct kit (Ambion) and specific primers.
Excepting pri-miR-99a, slightly elevated in amniotic fluid samples (FC =
1.11), all other quantified pri-miRs are down-regulated in trisomic samples, both
in amniotic fluid, as well as in chorionic villi. However, none of the pri-microRNA
analyzed showed statistically significant expression changes (Fig. 4).
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Fig 4. Change of pri-mir(21) expression in CVS and AF biological samples.



The pri-microRNA analysis in male fetus biological samples of chorionic
villiand amniotic fluid associated did not reveal statistically significant expression
changes.

In the chorionic villi samples collected from pregnancies with female
fetuses, all four pri-microRNAs showed statistically significant expression
variations: pri-let-7c (FC = 0.094; p = 0.038), pri-miR-99a (FC = 0.198; p = 0.019)
and pri-miR-373 (FC = 0.092; p = 0.033) (Fig. 5). In the amniotic fluid samples,
all pri-miR show an increased, none of which are statistically significant (FC =
1.01-1.05) (Fig. 5).
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Fig 5. Change of pri-miR expression in CVS and AF, female fetuse biological samples;
P<0,05

Study 4. Quantification of let-7c expression in placenta samples from Dp
(16)1Yey/+ transgenic mice

For microRNA and pri-microRNA quantification in mouse placenta
samples, we opted for a small RNA isolation and purification method (mirVana
MiRNA Isolation, Ambion kit), followed by reverse transcription (TagMan
MicroRNA Reverse Transcription kit, Applied Biosystems) and quantification by
gPCR (Universal Master Mix no UNG Il kit, Applied Biosystems) using specific
primers.

Similar to expression in human CVS samples, let-7c is also under-
expressed in mouse placenta samples (FC = 0.7), but the changes are not
statistically significant (p value = 0.17) in (16)1Yey/+ transgenic placenta
compared to normal mice. Gender oriented analyses did not find any statistically
significant changes in transgenic placentas vs normal, control ones.



Study 5. Bioinformati analysis of statistically significant changes of
mature microRNAS.

To fully wunderstand the biological significance of miR-99a
overexpression in amniotic fluid samples, we used the miRWalk3.0 algorithm to
determine the target gene list of miR-99a and obtained 2134 target genes
(unique inputs). Then, we compared this list with the set of differentially
expressed (Geo2R analysis, adjusted p <0.05) genes in SD amniocytes
(GSE16176) and fetal heart tissue (GSE1397, GSE1789) and obtained two sets
of 187 and, respectively, 208 differentially expressed, miR-99a target geness
(175,176). Subsequent ontological analysis using the GATHER algorithm
(adjusted p <0.05, Bayes factor >10) revealed two significant signaling pathways
as potential targets of miR-99a in both amniocytes and in trisomic cardiac fetal
cells: focal adhesion and cytokine-cytokine receptor interaction.

Pentru a evalua semnificatia biologica a expresiei scazute a let-7c n
probele de vilozitati coriale, am analizat impactul pe care acesta il are asupra
expresiei genice la nivel placentar. In urma analizei de predictie miRWalk3.0 am
obtinut 1828 gene care interactioneaza semnificativ cu let-7c si a caror expresie
poate fi influentatd de alterarea expresiei let-7c. Pentru a evalua care dintre
aceste gene sunt diferential exprimate in placente provenite din sarcini cu
sindrom Down, am interogat setul de date GSE70102 (GEO DataSets), iar in
urma analizei Geo2R am obtinut 1786 gene diferential exprimate in probele de
placenta cu trisomie 21 (p<0,05, dupa corectie Benjamini & Hochberg) (217).
Dintre acestea, 214 gene se regasesc in lista de gene care interactioneaza cu
let-7c conform miRWalk, fiind potentiale tinte ale expresiei alterate a let-7c.
Analiza ontologica efectuata ulterior folosind algoritmul GATHER (p ajustat
<0.05, factor Bayes >10) a evidentiat cinci cai de semnalizare semnificativ
exprimate Tn placenta sarcinilor trisomice ca potentiale tinte ale let-7c: Jak-
STAT, adeziuni focale, interactiunea citokine-receptori pentru citokine, caile de
semnalizare ale insulinei si apoptoza.

In order to understand the biological significance of the let-7c change of
expression, we analyzed the impact that it might have on placental
transcriptome. Following miRWalk3.0 predictive analysis, we obtained 1828
genes that significantly interact with and whose expression may be influenced
by let-7c. To evaluate which of these genes are differentially expressed in
placentas from pregnancies with DS, we queried the GSE70102 dataset, and,
following the Geo2R analysis, we obtained 1786 differentially expressed genes
in trisomy 21 placenta samples (p <0.05, after correction Benjamini & Hochberg)
(217). Of these, 214 genes are found in the list of genes predicted to interact
with let-7c, thus being potential targets for altered expression of let-7c. Further
ontological analysis using the GATHER algorithm (adjusted p <0.05, Bayes
factor >10) revealed five significant signaling pathways expressed in the
placenta of trisomic pregnancies: Jak-STAT, focal adhesions, cytokine-cytokine-
receptor interaction, insulin signaling pathways and apoptosis.
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Conclusion and discussions

Our starting hypothesis postulates that the presence of three copies (total
or partial) of chromosome 21 determines the overexpression of miR(21) in
chorionic villi and amniotic fluid samples. Our data indicate that the expression
of the majority of miR (21) is not statistically significantly altered in samples of
amniotic fluid and chorionic villi derived from trisomy 21 pregnancies compared
to normal pregnancies. However, analysis of miR(21) expression in amniotic
fluid samples from female fetuses and DS compared to euploid pregnancies of
the same sex showed significantly increased expression of miR-99a, but not of
pri-miR-99a , which suggests alterations of the mechanism of formation and/or
maintenance of hsa-miR-99a stability in female fetuses. The results are
promising but it is clear that more studies, including a larger number of cases
are needed to demonstrate the utility of miR-99a as a biomarker for prenatal
(possibly non-invasive?) diagnosis of DS.

Another aim of this study is to evaluate the link between the differentially
expressed miR(21) and the congenital heart defects in DS. Overexpression of
miR-99a in amniotic fluid samples from trisomic pregnancies iwith female fetuses
can significantly alter signaling pathways involved in cardiac morphogenesis.
Cardiac development involves multiple, partially overlapping stages, controlled
by an evolutionarily conserved network of signaling pathways and transcription
regulators, of which microRNA in general (and in particular miR-99a, by altering
Nodall/Smad2 signaling) plays an important role (181, 187, 222). Multiple lines
of evidence indicate the association of miR-99a expression with cardiac defects
in female fetuses with SD (180). MiR-99a is involved early in cardiomyogenesis,
and increased plasma levels of miR-99a have been associated with the
presence of congenital fetal heart defects. Given the rapid bidirectional
communication between the fetus and the amniotic fluid, it is absolutely plausible
that the fetal heart is a possible source of plasma miR-99a (182,183).

The KEGG signaling pathway analysis using the GATHER algorithm of
potential miR-99a targets expressed in SD amniocytes and fetal cardiac tissue
indicates two conserved signaling pathways: focal adhesion interactions and
cytokine-cytokine receptor interactions.

Our data suggest that miR-99a overexpression in amniotic fluid is not a
transcriptional event, but rather an alteration of the mechanism of degradation
of the mature form of microRNA. MicroRNA destruction is less known than
microRNA biogenesis, and many factors (from genomic organization, structural
heterogeneity and post-transcriptional modifications, to the targets and
biological context) are known as modulators of microRNA degradation (208).
To the best of our knowledge, this is the first report indicating altered stability /
degradation of a microRNA in the trisomic environment, providing a new possible
molecular mechanism for understanding gene dosage in Down syndrome.

Although miR-99a is the only statistically significant DS miR(21), it is
important to note that, contrary to our expectations, let-7c has a low expression
in both amniotic fluid and chorionic villi samples, concordant with the expression
of the primary transcript, pri-let-7c. The results were confirmed in placenta
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samples of Dp(16)1Yey/+ transgenic mice, but, similar to hsa-let-7c, the
changes were not statistically significant. These data suggest that expression
changes of mature forms of microRNA in DS may be due to different,
transcriptional or post-transcriptional events.

The bioinformatic analysis of let-7¢ target genes differentially expressed
in the trisomic placenta identified 5 signaling pathways: Jak-STAT, focal
adhesions, cytokine - cytokine-receptor interaction, insulin signaling pathways
and apoptosis (the effect of let-7c expression on the first three being, most likely,
mediated by the interaction with 1in28) (105-107).

Although we are aware that additional data on cardiac abnormalities are
needed in the DS pregnancies, we dare to propose a novel association between
the expression level of miR-99a in amniotic fluid and cardiac defects in female
fetuses in in general, and DS in particular. Further studies, on a much larger
batch of samples are needed to understand whether the increased significant
level of miR-99a expression in amniotic fluid is predictive of fetal heart defects
and whether the suggested alterations of post-transcriptional/degradation
processing are also present in DS male fetuses (222).
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