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Abstract
Trisomy 21 is the most prevalent aneuploidy disorder among live-born children worldwide. It

Article Info

Article History:

Received: 22 September 2020
Accepted: 1 December 2020
ePublished: 3 December 2020

results from the presence of an extra copy of chromosome 21 which leads to a wide spectrum of
pathophysiological abnormalities and intellectual disabilities. Nevertheless human chromosome
21 (HSAZ21) possess protein non-coding regions where HAS-21 derived-microRNA genes are
transcribed from. In turn, these HSA21-derived miRNAs curb protein translation of several
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eywords genes which are essential to meet memory and cognitive abilities. From the genetics and

-Down syndrome molecular biology standpoints, dissecting the mechanistic relationship between DS pathology/

-Pa_rthemgenem symptoms and five chromosome 21-encoded miRNAs including miR-99a, let-7¢, miR-125b-2,
-Trisomy 21 miR-155 and miR-802 seems pivotal for unraveling novel therapeutic targets. Recently,
-microRNAs

several studies have successfully carried out small molecule inhibition of miRNAs function,
-Prenatal diagnostic maturation, and biogenesis. One might assume in the case of DS trisomy, the pharmacological
inhibition of these five overexpressed miRNAs might open new avenues for amelioration of the
DS symptoms and complications. In this review, we primarily elucidated the role of HSA21-
encoded miRNAs in the DS pathology which in turn introduced and addressed important
therapeutic targets. Moreover, we reviewed relevant pharmaceutical efforts that based their
goals on inhibition of these pathological miRNAs at their different biogenesis steps. We have
also discussed the challenges that undermine and question the reliability of miRNAs as none-
invasive biomarkers in prenatal diagnosis.

Introduction

Down syndrome (DS) was recognized by John Langdon
Down for the first time in 1866 and around one decade
later, it was ascribed to existing of an extra copy of human
chromosome 21 (HSA21)."* HSA21(21q), as the
smallest human chromosome, was reported to
contain approximately 700 genes. The overexpression of
some of these genes are the well-recognized culprits of DS
pathology.’ The size of the extra copy can range from 3-4
Kb to the whole chromosome 21.* Depending on the size
of the extra copy, the trisomy can be categorized into three
groups including complete trisomy, microtrisomy and
partial trisomy. This survivable congenital chromosomal
abnormality originates from the failure of chromosome
pairs to separate appropriately through the cell division.
This genetic d isorder occasionally happens during the

meiotic division I and II. In particular the maternal
parent cells are more prone to this event.”” Additionally,
the increasing DS incidence rate were found to be
correlated with the maternal age.' DS is the most prevalent
genetic malady among diseases in which phenotypes are
accompanied with intellectual disability. It affects 0.1%
and 0.14% of live-births in the EU and the United States,
respectively.®!! According to the clinical observations
that addressed manifestations in DS, DS symptoms and
complications resemble the pathological hallmarks of cell
senescence. Epigenetic factors like DNA methylation and
miRNA silencing were discovered to contribute to DS onset
or progression.'* The miRNAs with broad distribution can
be found in both plant and animal kingdoms." They serve
predominantly as negative regulators of protein expression
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through base-pair interactions with the target mRNA.
Strikingly, each miRNA can simultaneously downregulate
several protein expressions and eventually modulate
multiple signaling pathways. Their significant roles in the
pathophysiological process of neurodegenerative disorders,
various types of cancers, inflammatory abnormalities,
cardiovascular diseases, and so forth are extensively
uncovered." One of the understudied and overlooked
factors in delineating pathophysiological alterations in
DS is the Chromosome 21-encoded miRNAs, in which
triplication and overexpression have been deemed to in
part contribute to progress or onset of DS.'”>' we shed
lights on biological mechanisms and related signaling
through which chromosome 21-encoded miRNAs
including miR-99a, let-7¢, miR-125b-2, miR-155, miR-802
impart to onset and progression of DS symptoms. In the
light of the fact that HSA21-encoded miRNAs meet the
criteria as putative therapeutic targets in DS pathology, we
brought up and debated the advantages and the drawbacks
of miRNA-targeted drug discovery. Encapsulated miRNAs
in exosomes circulating in extracellular medium can be
detected in a highly sensitive manner within multitude
of tissues; we reviewed and discussed the prenatal DS
diagnostic studies based on biological HSA-21-encoded
miRNA analysis.

Down Syndrome

Since the chromosomal anomaly results in DS phenotypes,
the “gene-dosage” hypothesis gains value. The “gene-
dosage” hypothesis claims that 50% increase in the
expression level of the RNA transcripted from trisomic
genes, imbalance in critical genes would take place and
thus, DS phenotypes manifest.>'”" In contrast to with the
“gene-dosage” hypothesis, the “amplified developmental
instability” instability hypothesis argue that trisomy 21
result from a nonspecific disturbance of chromosome
balance.” According to this hypothesis, the size of the
triplicated chromosomal region is anticipated to correlate
with the levels of cognitive malfunctions.**

However, the identification of full trisomy patients
with milder intellectual disability casts doubts on this
hypothesis.”? Toward a comprehensive understanding
of the phenotype-genotype relationship in DS, nearly 80
phenotypes were predicted to associate with DS.**%
Bioinformatics studies have established that HSA21
harbors five microRNA (miRNAs) genes.

Interestingly, the post-mortem dissections of DS brains
have indicated the presence of extracellular plaques,
made of AP protein. AP protein overexpression and
their abnormal fibrillation and amylogenesis have been
considered as hallmarks and the roots of the underlying
neurodegenerative mechanisms in Alzheimer Diseases
(AD). This phenotypic crosstalk hasbeen ascribed to the fact
that the amyloid precursor protein APP gene is located on
the HSA21 chromosome in DS and AD. Previous findings
on DS transgenic mouse models elucidated triplication of
specific genes, like APP, leads to the disruption of nerve

growth factor (NGF) axonal transportation in cholinergic
neurons, located in basal forebrain to the hippocampus.
The impaired cholinergic pathology in partial trisomy
Ts65Dn model has been reversed and recovered when the
extra copy of APP was genetically deleted from the HSA21
chromosome, meaning the AD phenotypes associate and
parallel the trisomy-centric DS pathology.***

The intracellular neurofibrillary tangles, containing
hyperphosphorylated tau, are another hallmark of AD
onset. The APP gene is not only AD pathology-associated
gene that undergoes triplication in DS trisomy. The
DYRKIA gene also lays on the HSA21 chromosome. Its
gene triplication and protein overexpression influence
alternative splicing of tau. Resultantly, it might eventually
cause tau hyper phosphorylation. The DYRK1A-mediated
tau priming for abnormal hyperphosphorylation can
contribute to AD-like cognitive malfunctions in DS
patients.”

Another important notion is the fact that the
overexpression of the APP gene and other proteins which
are involved in APP gene expression, post-translational
regulation (SUMO3, DYRK1A, SNC27, and miR-155),
and APP protein processing and clearance (PICALM,
SORL1, BACEI1, and BACE2) are considered to improve
the association and deposition of amyloid beta (Ap)
plaques.?®**

Research shows that selective deactivation of HSA21-
derived miRNAs can be useful as a new therapeutic
concept in the treatment of DS.

Additionally, due to the dysfunction of several
neurotransmitter-based systems of DS patients including
norepinephrine synapses at the locus coeruleus and
serotonergic neurons of the raphe nuclei in the brainstem,
therapeutic strategies based on the cytogenetic studies
and mouse models are well-developed for further
inquiries. So far, the Ts65Dn mouse model is widely
employed for preclinical investigations purposes.’>** The
wider perspective on the impacts of the trisomy genes
encoding proteins involved in ubiquitin signaling, signal
transduction, immune response, and endosomal trafficking
attracted many scientists to investigate these cellular
mechanisms.” Multitude of clinical trials with different
modalities of interventions including, but not limited to,
diets and physical exercise have been conducted. Although
from the regulatory, clinical and translational standpoints,
none of their interpretations have been able to repeatedly
replicate the endpoint outcomes. This inconsistency within
the context of the behavioral examinations was ascribed
to the variability of the instrumental analytical tools,
whereby the cognitive memory, learning, and language
ability of individuals with DS are measured.” As a result,
devise and development of a validated instrument that
could be readily operated for reproducible assessment of
the cognitive and language skills in DS with different ages
is the mantra. For instance, the Arizona Cognitive Test
Battery (ACTB) was exclusively devised to examine the
cognitive phenotypes in DS. It is made up of examinations
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of overall cognitive ability in the context of hippocampal
and cerebellar function and its cross-site usage, data-driven
consistency, and precise phenotypic profiling. ACTB has
been endorsed by a clinical trial where 74 DS participants
and 50 mental age-matched controls were recruited.” One
potential future study would be to perform clinical trials
on patients under 40 years old and to use DS patients as
the target group for pre-clinical anti-AD drug therapy, as
the rate of the incidence of the disease increases after the
age of 40.

To reduce clinical complications, selective inactivation
of HSA21-derived miRNAs by the administration is a
method in the treatment of DS. In vivo silencing of miR-
155 or -802 by antagomir intra-ventricular injection led to
the normalization of appropriate miRNA, MeCP2, CREBI,
and MEF2C expressions. These results suggest that the
neurochemical abnormalities in the brains of DS persons
may be resulted from the incorrect repression of MeCP2,
secondary to trisomic overexpression of HSA21-derived
miRNAs.”

Recent studies show the development of nanotechnology-
based delivery system, with the advancement of stem cell
researches, and optimistically exploiting nanoparticles
has become a central issue. Therefore, nano-formulated of
HSA21-derived miRNAs could be a major factor improving
the cognitive function of individuals with intellectual
disability (ID) in DS in the near future.’®
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miRNAs from Biogenesis to Cellular Mechanisms of
Diseases

The miRNAs are ~2l-nucleotide long, nonprotein-
coding RNAs. They play key roles in post-transcriptional
modification through complementary-based silencing of
the distinctive messenger RNAs (mRNAs).”* It has been
reported that around 2000 miRNAs are present in the
mammalian genome with conserved sequences and more
interestingly, one-third of human genes are regulated by
The biogenesis of miRNA starts with the step in which the
RNA polymerase II transcribes miRNA genes and the pri-
miRNA is produced. The pri-miRNAs are huge transcripts,
containing multiple miRNA sequences and they fold
into hairpin structures. In the next step, the nuclear
microprocessor, composed of the RNase III enzyme Drosha
and the DGCRS protein, converts the pri-miRNA into the
pre-miRNA. After that, through involvement of exportin-5
complex, the pre-miRNA is transported from the nucleus
to the cytoplasm. The cytoplasmic endonuclease Dicer,
in a complex with TAR RNA-binding protein (TRBP)
and PKR-activating protein (PACT), cleaves the stem-
loop in the pre-miRNA. Then, the miRNA duplex is
unwound and the passenger strand is degraded, while
the mature miRNA is released. Upon this event silencing
complex (RISC) containing Argonaute (AGO) protein
is recruited to furnish base-pair match the mRNA and
mature miRNA. If the miRNA and the target mRNA are
exactly paired match or approximately complementary
to each other, the target mRNA will be degraded and
thus the target gene becomes silenced (Figure 1).2*%
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Figure 1. The schematic illustration of the miRNA biogenesis from transcription to mature single-stranded form. The miR-155 gene
positions in somewhere between the q21.2 and g21.3 on Chromosome 21. The polymerase enzyme transcribes the has-miRNA genes
and produces the immature version of the miRNA as the pri-miRNA. Later, the Drosha and DGCR8 proteins using unique cleavage
capability generate the pre-miRNA. Then, the exportin protein adheres to the pre-miRNA and conducts the loaded-complex through the
nuclear pore into the cytosol. Once the complex enters the cytosol, the TRBP and Dicer proteins are recruited in order to remove the
hairpin from the cytosolic pre-miRNA and produce the double-stranded form of the miRNA as the mature version. Eventually, the RISC
complex distinguishes and separates the single-strand guide RNA from the other strand.
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An attractive aspect of miRNA genes results from their
genome position. MiRNA genes might be found as a
single unit or might be organized in gene clusters. The
miRNA is an important regulator in biological processes,
including development, adaptation to stress, and cell fate
determination, proliferation, differentiation, immune
reaction,apoptosisand hencetheir statuein the diabetestype
1 and 2, diabetic retinopathy, microvascular complications,
cancer, and kidney diseases were investigated.***

Roles of HSA21 miRNAs in Onset and Progression of
DS

Based on bioinformatics annotations, it has been uncovered
that chromosome 21 as the smallest human chromosome
possesses at least five miRNA genes with the 1.5 ratios of
transcription level. These miRNAs comprise miR-99a, let-
7¢, miR-125b-2, miR-155 and miR-802.# The abnormal
expression levels of the miRNAs encoded from the HSA21
in DS were found to correlate with symptoms onsets and in
turn it may affect specific haploinsufficiency-related genes.**
People with DS are more susceptible to AD owing to the
copies of the chromosome 21 genes, like DYRK1A and
APP. These copies cause the formation of amyloid beta)
AP( peptide and hyperphosphorylation of tau. DYRKIA
localized to nucleus where it may interfere with tau splicing
acts upon hyperphosphorylation of tau. In mice models of
DS, tau pathology is related to overexpression of DYRKIA.
The literature has emphasized the importance of
miRNAs to mitigate tau and A pathology in DS. The
association between miRNAs miR-17, -20a, -101, -106b,
-199b, -26a, and 26b and some of their target mRNAs
such as APP, DYRKI1A, and BDNE and the levels of
hyperphosphorylated tau in the hippocampus mice model
of trisomy 21 (Ts65Dn) have been studied. These results
suggested that miR-17, -20a, -26a/b, -101, -106b, and -199b
could be important components for decreasing tau and Af
damage in DS.*

Prior studies have noted the importance of several
miRNAs in adjusting synaptic plasticity. Regulation of
synaptic function mediated by miRNA contributes to the
pathophysiology of plasticity-related diseases, such as
Alzheimer’s and frontotemporal dementia. Also it accounts
synaptic activity. On the other hand, miRNAs play a key
role in the pathogenesis of AD.* They could affect AP
metabolism in persons with DS, not only through action
on 3’UTR of BACE1l, ABCA1, APP and other related
genes, but also through indirect regulation of other factors.
Some evidence indicates that aberrantly expressed miRNAs
such as let-7,* miR-155* have been caused by the changes
of both AP formation and tau phosphorylation. These
molecules increase in the brains of people with DS and are
vital in the pathogenesis of AD.***

It is believed miR-125b has been increased in AD and
DS. In initial neurons, tau hyperphosphorylation and
the upregulation of p35, cdk5 and p44/42-MAPK
signaling are due to the overexpression of miR-125b.
Tau hyperphosphorylation has been prompted by the

Knockdown of phosphatases DUSP6 and PPP1CA and the
anti-apoptotic factor Bcl-W. Together these results provide
important insights into the role of these phosphatases
mediating the effects of miR-125b on tau.”

DNA polymerase beta and MeCP2 expression are
downregulated by the miR-155.> The miR-155 prohibits
the complement factor H mRNA (CFH). Consequently the
CFH decrease has been noticed in DS tissues. Neurons are
protected from complement opsonization and leukocyte
infiltration by the CFH in the brain parenchyma. So
overexpression of miR-155 has been widely studied in
the brain pathology of DS patients.”® Since miRNA-155
targets angiotensin II type 1 receptor which was found
to contribute to the cardiac pathology, the rate of
cardiovascular disease among DS patients becomes about
zero. In the DS mouse model Ts65Dn, miR-155 and miR-
802 were considerably more than control. Overexpression
of these miRNAs has shown hippocampal deficits in DS
phenotypes. Hippocampus are generating considerable
interest in terms of learning, memory, and long-term
synaptic plasticity.”® Overexpression of the miR-99a/
let-7c cluster was proposed to associate with congenital
heart defects in DS.” The miR125b-2 was demonstrated
to be an oncogenic miRNA that contributes to acute
megakaryoblastic leukemia (DS-AMKL) in children with
trisomy.** MiR-100, miR-125b, miR-335, miR-146, and
miR-99a have been the most expressed miRNAs noted in
pediatric acute myeloid leukemia (AML) patients.”

The solid tumor development in patients with DS is far less
likely to occur and the reason arises from overexpression
of miRNA let-7 and miR-99. The miRNA let-7 and miR-99
inhibits the proliferation of breast and prostate cancer cells
respectively®®° (Table 1).
DS-Phenotype-Associating miRNAs Encoded from
Other Chromosomes

It was demonstrated that four miRNAs from other
chromosomes including miR-10b, miR-542-5p, miR-
654, and miR-615 were overexpressed in DS placentas.®!
However, their target genes on the chromosome 21 were
unknown and another research contradicted these results.
Lim et al. reported that miR-1973 and miR-3196 in the
placenta of trisomy 21 were upregulated and accordingly,
the regulation of genes contributing to the improvement of
the nervous system was affected by this event. Additionally,
another investigation on cord blood samples from normal
and DS fetuses indicated the overexpression of three
miRNAs including miR-27b, miR-27a, and miR-329 as
well as over-translation of several proteins, for example,
thymosin f10 and mitogen-activated protein. Depending
on the tissues of interest as well as times of extracting bio-
sample, a variance in data is expected.®

Therapeutic Avenues Addressing HSA21-encoded
miRNAs Crisis in DS Pathophysiology

Adopting the HSA21chromosme as a putative target has
gained therapeutic values, in particular, when it comes to
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Table 1. The HSA21-encoded miRNAs whose overexpression in trisomy contributes to the DS symptoms and complications.

Under-expressed mRNAs  (genes)

miRNA associating with DS pathophysiology Pathophysiological effects in DS complications Ref.
Complement factor H mRNA The neuronal Igs§ of protgction against complete opsonization 4,535,
TiR-155 and leukocyte infiltration into the penumbra
Angiotensin Il type 1 receptor Less cardiac p:_athology so that the rate of cardiovascular disease ,
among DS patients become about zero
miRNA let-7  Protein Ezh2 Congenital heart defects in DS %
miR-99a Nucleosome-remodeling factor Smarca5 Weakening Nodal/Smad2 signaling, DS fetal heart 55
miR-802 Ship1 (inositol phosphatase) Malfunctional hippocampal synaptic plasticity 54
miR-125b-2  DICER1, ST18 Acute megakaryoblastic leukemia (DS-AMKL) in pediatric DS~ %6

explore promising strategies for restoring the intellectual
disabilities in DS patients. The precise and practical
gene edition, offered by the CRISPR-Cas9 which could
be genetically optimized to revise the DS-pathology-
relevant HSA21-encoded genes on the extra copy of
the chromosme21, has been already hypothesized. This
Hypothesis in the light of development of safe and blood-
brain barrier permeable nanoparticles on which, CRISPR-
Cas9 protein cocktails could be encapsulated, become
more achievable.®

Pharmacological modulations of the HSA21-encoded
miRNAs are anticipated to mitigate the translation of
several under-expressed proteins. Modulation of the
HSA21-encoded miRNAs are anticipated to mitigate
the translation of several under-expressed proteins and
thereby might lead to phenotypical recovery.® The DS
pathogenesis in part can be assumed to be dictated through
the overexpression of several HSA21-encoded miRNAs.
These set of miRNAs serves as key players in silencing
several mutual or non-mutual target proteins through
which important signaling pathways are modulated.
Coding miR-155 and miR-125b, HSA21 has been thought
of as a key factor in the immune response®* and an
increase of their expression has been noted in the cells of
DS persons. Farroni et al.®® reported the overexpression
of miR-155 and miR-125b in tonsillar memory B cells.
Remarkably, miR-125b was more than the expected amount
in plasma cells. They noticed a significant reduction of
activation-induced cytidine deaminase (AID) protein, a
miR-155 target, in MBCs of tonsils of DS children. MiR-
155 and miR-125b were importantly overexpressed in
PBMCs. They worked on the sorted cells and estimated the
expression of miR-155 and miR-125b in them. Then their
activity was hindered in culture with antagomiRs. Their
study outlines that it is possible to modify the activity of
miR by applying antagomiRs. Therefore, anatagomiRs have
been identified as being pharmacological helpful tools in
the treatment of DS.

A recent review of the literature found that the additional
copy of chromosome 21 in Downs syndrome leads to
overexpression of miR-155. Thanks to this overexpression,
C/EBPb is negatively adjusted and the production of
sorting nexin 27 (SNX27) in the brain is decreased which
causes synaptic dysfunction. SNX27 has been found to be a

vital protein for memory and learning. The studies on miR-
155 finds that its inhibition upregulates SNX27 protein in
the brain of Down’s syndrome mice and rescues cognitive
and synaptic deficits. Thus memory could be returned.”
Another study reveals that miR-155 is crucially upregulated
in DS brain. A decrease in the abundance of the miR-
155 mRNA affects the complement factor H (CFH), an
important repressor of the innate immune response.
Stressed primary human neuronal-glial cells show an
increase in miR-155. Curiously, there is a significant
correlation between miR-155 upregulation and CFH
downregulation. One interesting finding is an anti-miR-155
regulates miR-155 abundance resulting in returning CFH
to homeostatic levels.®®

In a recent research, the Argonaute 2 (Ago2) protein which
conducts silencing of the target mRNA was adopted as
the therapeutic target.” Following the virtual screening
of the OTAVA_CNS library against the miR-155/Ago2
complex, a potent small molecule inhibitor was rationally
selected. Employing molecular dynamic simulations, the
pharmacological activity of the selected small molecule
under influence of virtual mutations including Thr526 to
isoleucine and GIn545 to alanine was explored and found
to fairly depending on the involvement of Thr526 and
GIn545 in the first essential contacts between the miR-155
and Ago2.” Not only the function but also the maturation
and biogenesis of the miR-155 can be regarded as feasible
and approachable targets.

For example, in one study driven revealing the binding
and inhibition of pre-miRNA with few peptides and linear
peptides (poly-N-substituted glycine), a diverse library
made of combinatorial macrocyclic y-AA-peptides was
designed and synthesized.”® Then, this library against
affinity binding to pre-miRNA, using the fluorescence
polarization (FP) assay was screened. One potent candidate
was chosen and the interaction between pre-miRNA and
the ligand was endorsed through the performing gel-
electrophoresis.

Breast cancer cell lines MCF-7, which had been already
proven to overexpress the miR-155. The pharmacological
activity of candidate small molecules through the influence
on the downstream regulations of miR-155 was examined
while lacking alteration in expression of other miRNAs
confer specificity to the candidate molecule.” In another
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team-work research, the cluster miRNA let-7¢/99a/125b-2
was suppressed through the androgen-induced repression
ofatthe transcriptionallevel. Upon the androgen treatment,
the androgen binds to the cluster host gene as a receptor
and then polycomb protein EZH2 is recruited. After these
events, the transcriptions of these miRNAs were repressed.
This pharmacological discovery has laid groundwork for
the translational scientists who are constantly seeking
new targets with less off-site toxicity and more specificity.
The curiosity to identify therapeutic targets in the
nucleus where the miRNA biogenesis initiates through
transcription of their gene may lead to more impactful
phenotypic manifestation.”” However, in this research, the
mentioned cluster posit on the different chromosomes
rather than chromosome 21 and the androgen-androgen
receptor complex needs to be deeply interrogated (Figure
2).

Here we have explained the most recent and creative
studies performed in this field where the small molecule

(a) Cluster miRNA let-7c/99a/125b-2 genes

e dRNAS
&S] ‘>®4 S;

DGCR8

Drosha

(b) Inhibition of Ago2/microRNA complex

RISC
formation
TRBP

Tl
w.”,

Dicer

Figure 2. The schematic representation of two pharmacological
inhibitors and their mechanism of actions. (a) The transcription
of the cluster let-7¢/99a/125b-2 miRNAs on a non-HSA21 chro-
mosome is negatively repressed by androgen receptor agonists
like dihydrotestosterone DHT (b) The pharmacological inhibition
of Ago2/miR-155 complex which is the responsible machinery for
the miRNAs function.

inhibition of the overexpressed miRNAs including the
miR-155, let-7¢c, miR-99a, miR-125b-2 accompanied with
the double-verified upregulation of downstream proteins
were briefly discussed. Nevertheless, lacking both in-vitro
and in-vivo pharmacological inhibition of these miRNAs
on chromosome 21 whose mechanism of action are being
tailored to a DS model, challenges the translatability of this
approach.

Prenatal Diagnosis of DS

The American College of Obstetricians and Gynecologists
suggest screening tests for pregnant women that regardless
of their gestational age confer with the probability of
carrying DS fetuses. These standard tests include the
first trimester combined test, the integrated screening
test and the cell-free fetal DNA analysis. The first test is
the maternal blood level of pregnancy-associated plasma
protein-A (PAPP-A) and human chorionic gonadotropin
(HCG) while the second one is the ultrasound able to
measure the specific area on the back of the fetus neck.
Biological fluids including amniotic fluid, semen, milk,
saliva, serum, plasma, urine and bronchial lavage contain
extracellular nucleic acids including such as miRNAs.”
The entrance of fetal miRNAs to maternal circulation
(blood) is hypothetically justified by three mechanisms.
The first one is cellular released exosomes,”* apoptotic
bodies and microvesicles which contain waste materials
and extracellular nucleic acids excreted out in a selective
manner.”>”¢

The second one is the inter-villous space that sustains
the placenta with nutrients and oxygen and the third
mechanistic hypothesis relies on the connection between
placenta, mother and fetus.”” As the pathology of trisomy
21 is attributed to the presence of an extra copy of HSA21
harboring several DS pathology-associating miRNAs,
one might envision on exploiting these overexpression
patterns whereby, DS fetuses would be spotted and
legally terminated.”®”® Furthermore, among extracellular
nucleic acids, miRNAs tend to be more stable in maternal
circulation,® due to the resistance against various pH
conditions and enzymatic degradation. Thereby these
HSA21 miRNAs could constitute a potential biomarker for
diagnosis of some diseases.*

Placenta-specific miRNA in maternal blood is detected by
many methods including microarray, deep sequencing,
and quantitative RT-PCR.”*#% Here we reviewed miRNAs
as a non-invasive novel maternal biomarker for diagnosis
of DS. In 2014 the microarray-based genome-wide
expression profiling was undertaken in order to assess
the expression of miRNA in maternal whole blood and
placenta sample. Some other studies revealed maternal
plasma levels of miR-99a and miR-3156 were significantly
higher in pregnant women carrying DS affected fetuses.®
Additionally, four upregulated HSA21-encoded miRNAs
including miR-99a, Let-7c miR-125b-2, and miR-155 were
significantly found to be higher in a pregnant woman
compared to none-pregnant woman although they didn’t
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differ between euploid and trisomy21 bearing pregnancies,
therefore, they couldn’t be considered reliable biomarkers
for none-invasive diagnosis of DS.* Until now based on
most of the clinical investigations, the HSA-21 encoded
miRNAs cannot be perfect biomarkers for diagnosis of DS.

Conclusion

Down’s syndrome is a genetic disorder characterized by the
presence of a third copy of chromosome 21. Given together,
several HSA21-encoded miRNAs, including miR-155, miR-
125b-2, miR-802, miR-99, and let-7c are overexpressed
and they lead to underexpression of their specific target
proteins whose physiological functions are essential in
preventing/reversing DS complications. The miR-155
is well-documented to associate with neuropathology.
The miRNA-802 mediates the neuropathology, while the
cluster composed of miR-99 and let-7c serve in the favor
of congenital heart defects. The miR-99 and let-7c were
also implicated in a low rate of solid tumor development,
generally observed among DS patients.

Also, miRNAs in heart tissues from DS fetuses, displays
miR-99a-5p, miR-155-5p, and let-7c-5p were significantly
overexpressed in trisomic hearts. MiR-125b-2, let-7¢, and
miR-99a are the three HSA21-derived miRNAs which
their orthologs were seen in the mouse inner ear. To reduce
tau and AP damage in DS, MiRNAs-17, -20a, -26a/b, -101,
-106b and -199b would be one of the major objectives.
Studies have stressed the importance of several miRNAs in
adjusting synaptic plasticity. MiRNA-mediated regulation
of synaptic function is responsible for Alzheimer’s
and frontotemporal dementia. The miR125b-2 was
demonstrated to be an oncogenic miRNA contributing to
acute megakaryoblastic leukemia (DS-AMKL) that affects
children with trisomy.

One of the methods for the reduction of clinical
complications is selective inactivation of HSA21-derived
miRNAs by the administration of antagomiRs in the
treatment of DS. Another way is using nanotechnology-
based delivery system.

From the experimental therapeutic standpoint,
investments on the design, screening, and synthesis of
the small molecules with the excellent potency to halt the
HSA21-encoded miRNA overexpression are worthwhile.
The pharmacological mechanism of action for these
miRNA inhibitors could be classified based on the stage
where the proposed small molecule binds to stage-specific
RNA-binding protein complexes with miRNA or its
precursors. Thereby we can conclude that in order of the
normal biochemical events through which the miRNA
becomes biologically functional, the initial transcription,
biogenesis, maturation and eventually function of the
miRNA are the target sites for therapeutic interventions.
One noticeable challenge in the pharmacology of these
classes of small molecules is their unpredictable specificity
and accordingly, future outreach must take this hurdle into
their accounts. So far, no pre-clinical DS model study has
investigated the efficacy and safety of this niche of small

molecules. Additionally, with insightful questions seeking
the answer through the overlooked factors might finally
establish precious translational and clinical breakthroughs
regarding DS therapeutic and management.

Acknowledgments
The financial support of the Research Council of the Tehran
University of Medical Sciences is gratefully acknowledged.

Author Contributions

ShM: Participated in the design of the study and
contribution in writing the manuscript, SS: Assistance in
writing, YF: Preparing the figures, MA: Supervising and
revising the manuscript critically for important intellectual
content before submission; editing the manuscript. All
authors have read and agreed to the published version of
the manuscript.

Conlflict of Interest
The authors declare there is no conflict of interest in this
study.

References

1. Hultén MA, Patel S, Jonasson J, Iwarsson E. On the
origin of the maternal age effect in trisomy 21 down
syndrome: The oocyte mosaicism selection model.
Reproduction. 2010;139(1):1-9. doi:10.1530/REP-09-
0088

2. Vogel E, Motulsky AG. Vogel and motulsky’s human
genetics: Problems and approaches. Berlin: Springer
Science & Business Media; 2013.

3. Korenberg JR, Chen X, Schipper R, Sun Z, Gonsky R,
Gerwehr S, et al. Down syndrome phenotypes: The
consequences of chromosomal imbalance. Proc Natl
Acad Sci U S A. 1994;91(11):4997-5001. doi:10.1073/
pnas.91.11.4997

4. Pelleri MC, Cicchini E, Petersen MB, Tranebjaerg
L, Mattina T, Magini P, et al. Partial trisomy 21 map:
Ten cases further supporting the highly restricted
down syndrome critical region (hr-dscr) on
human chromosome 21. Mol Genet Genomic Med.
2019;7(8):€797. doi:10.1002/mgg3.797

5. Muller E Rebiffe M, Taillandier A, Oury JE Mornet
E. Parental origin of the extra chromosome in
prenatally diagnosed fetal trisomy 21. Hum Genet.
2000;106(3):340-4. doi:10.1007/s004390051047

6. Mutton D, Alberman E, Hook EB. Cytogenetic and
epidemiological findings in down syndrome, england
and wales 1989 to 1993. National down syndrome
cytogenetic register and the association of clinical
cytogeneticists. ] Med Genet. 1996;33(5):387-94.
doi:10.1136/jmg.33.5.387

7. Elton TS, Sansom SE, Martin MM. Trisomy-21 gene
dosage over-expression of miRNAs results in the
haploinsufficiency of specific target proteins. RNA Biol.
2010;7(5):540-7. doi:10.4161/rna.7.5.12685

8. Megarbane A, Ravel A, Mircher C, Sturtz E Grattau

Pharmaceutical Sciences, 2021, 27(3), 302-312 | 308


https://doi.org/10.1530/REP-09-0088
https://doi.org/10.1530/REP-09-0088
https://doi.org/10.1073/pnas.91.11.4997
https://doi.org/10.1073/pnas.91.11.4997
https://doi.org/10.1002/mgg3.797
https://doi.org/10.1007/s004390051047
https://doi.org/10.1136/jmg.33.5.387
https://doi.org/10.4161/rna.7.5.12685

Mabhernia et al.

Y, Rethore MO, et al. The 50th anniversary of the
discovery of trisomy 21: The past, present, and future of
research and treatment of down syndrome. Genet Med.
2009;11(9):611-6.d0i:10.1097/GIM.0b013e3181b2e34c

9. Lott IT, Dierssen M. Cognitive deficits and associated
neurological complications in individuals with down’s
syndrome. The Lancet Neurol. 2010;9(6):623-33.
doi:10.1016/S1474-4422(10)70112-5

10. Khoshnood B, Greenlees R, Loane M, Dolk H. Eurocat
public health indicators for congenital anomalies
in europe. Birth Defects Res A Clin Mol Teratol.
2011;91:16-22. d0i:10.1002/bdra.20776

11. Parker SE, Mai CT, Canfield MA, Rickard R, Wang Y,
Meyer RE, et al. Updated national birth prevalence
estimates for selected birth defects in the united states,
2004-2006. Birth Defects Res A Clin Mol Teratol.
2010;88(12):1008-16. doi:10.1002/bdra.20735

12. Horvath S, Garagnani P, Bacalini MG, Pirazzini C,
Salvioli S, Gentilini D, et al. Accelerated epigenetic
aging in down syndrome. Aging Cell 2015;14(3):491-5.
doi:10.1111/acel.12325

13.Liu EY, Cali CP, Lee EB. RNA metabolism in
neurodegenerative  disease. Dis Model Mech
2017;10(5):509-18. doi:10.1242/dmm.028613

14. Hruska-Plochan M, Li B, Kyburz D, Kriitzfeldt ],
Landmesser U, Aguzzi A, et al. New and emerging
roles of small rnas in neurodegeneration, muscle,
cardiovascular and inflammatory diseases. Swiss Med
Wkly. 2015;145:w14192. doi:10.4414/smw.2015.14192

15. Hattori M, Fujiyama A, Taylor T, Watanabe H, Yada
T, Park H-S, et al. The DNA sequence of human
chromosome 21. Nature. 2000;405(6784):311-9.
doi:10.1038/35012518

16. Ghorai A, Ghosh U. Mirna gene counts in chromosomes
vary widely in a species and biogenesis of mirna largely
depends on transcription or post-transcriptional
processing of coding genes. Front Genet. 2014;5:100.
doi:10.3389/fgene.2014.00100

17. Delabar JM, Theophile D, Rahmani Z, Chettouh
Z, Blouin J-L, Prieur M, et al. Molecular mapping
of twenty-four features of down syndrome on
chromosome 21. Eur ] Hum Genet. 1993;1:114-24.
doi:10.1159/000472398

18. Yahya-Graison EA, Aubert ], Dauphinot L, Rivals
I, Prieur M, Golfier G, et al. Classification of human
chromosome 21 gene-expression variations in down
syndrome: Impact on disease phenotypes. Am ] Hum
Genet. 2007;81(3):475-91. d0i:10.1086/520000

19. Diederichs S, Haber DA. Dual role for argonautes in
microrna processing and posttranscriptional regulation
of microrna expression. Cell. 2007;131(6):1097-108.
d0i:10.1016/j.cell.2007.10.032

20. Pritchard MA, Kola I. The “gene dosage effect”
hypothesis versus the “amplified developmental
instability” hypothesis in down syndrome. ] neural
transm Suppl. 1999;57:293-303. doi:10.1007/978-3-
7091-6380-1_20

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Shapiro BL. Amplified developmental instability in
down’s syndrome. Ann Hum Genet. 1975;38(4):429-37.
doi:10.1111/j.1469-1809.1975.tb00632.x

Shapiro BL. Developmental instability of the cerebellum
and its relevance to down syndrome. Protein expression
in Down syndrome brain. In: Lubec G., editor. Protein
Expression in Down Syndrome Brain. Vienna: Springer;
2001. do0i:10.1007/978-3-7091-6262-0_2

Korbel JO, Tirosh-Wagner T, Urban AE, Chen X-N,
Kasowski M, Dai L, et al. The genetic architecture
of down syndrome phenotypes revealed by high-
resolution analysis of human segmental trisomies.
Proc Natl Acad Sci U S A. 2009;106(29):12031-6.
do0i:10.1073/pnas.0813248106

Salehi A, Faizi M, Belichenko PV, Mobley WC. Using
mouse models to explore genotype-phenotype
relationship in down syndrome. Ment Retard Dev
Disabil Res Rev. 2007;13(3):207-14. doi:10.1002/
mrdd.20164

Vacik T, Ort M, Gregorova S, Strnad P, Blatny R, Conte
N, et al. Segmental trisomy of chromosome 17: A
mouse model of human aneuploidy syndromes. Proc
Natl Acad Sci U S A. 2005;102(12):4500-5. doi:10.1073/
pnas.0500802102

Salehi A, Delcroix J-D, Belichenko PV, Zhan K, Wu C,
Valletta JS, et al. Increased app expression in a mouse
model of downs syndrome disrupts ngf transport
and causes cholinergic neuron degeneration. Neuron.
2006;51(1):29-42. doi:10.1016/j.neuron.2006.05.022
Liu E, Zhihou L, Jerzy W1, Yu-Wen H, Khalid I, Inge G,
Narayan R, Cheng-Xin G. Overexpression of DyrklA
contributes to neurofibrillary degeneration in Down
syndrome. FASEB J. 2008;22(9): 3224-33. d0i:10.1096/
£).07-104539

Jones EL, Mok K, Hanney M, Harold D, Sims R,
Williams ], et al. Evidence that PICALM affects age
at onset of Alzheimer’s dementia in Down syndrome.
2013;34(10):2441.e1-5. doi:10.1016/j.neurobiolaging.
2013.03.018

Dorval V, Mazzella MJ, Mathews PM, Hay RT, Fraser
PE. Modulation of Abeta generation by small ubiquitin-
like modifiers does not require conjugation to target
proteins. Biochem J. 2007;404(2):309-16. doi:10.1042/
BJ20061451

Mok KY, Jones EL, Hanney M, Harold D, Sims R,
Williams ], et al. Polymorphisms in BACE2 may
affect the age of onset Alzheimer’s dementia in Down
syndrome. Neurobiol Aging. 2014;35(6):1513 el-5.
doi:10.1016/j.neurobiolaging.2013.12.022

Patel A, Rees SD, Kelly MA, Bain SC, Barnett AH,
Thalitaya D, et al. Association of variants within
APOE, SORLI1, RUNXI, BACEl and ALDHI18A1
with dementia in Alzheimer’s disease in subjects with
Down syndrome. Neurosci Lett. 2011;487(2):144-8.
do0i:10.1016/j.neulet.2010.10.010

Ryoo SR, Cho HJ, Lee HW, Jeong HK, Radnaabazar
C, Kim YS, et al. Dual-specificity tyrosine(Y)-

309 | Pharmaceutical Sciences, 2021, 27(3), 302-312


https://doi.org/10.1097/GIM.0b013e3181b2e34c
https://doi.org/10.1016/S1474-4422(10)70112-5
https://doi.org/10.1002/bdra.20776
https://doi.org/10.1002/bdra.20735
https://doi.org/10.1111/acel.12325
https://doi.org/10.1242/dmm.028613
https://doi.org/10.4414/smw.2015.14192
https://doi.org/10.1038/35012518
https://doi.org/10.3389/fgene.2014.00100
https://doi.org/10.1159/000472398
https://doi.org/10.1086/520000
https://doi.org/10.1016/j.cell.2007.10.032
https://doi.org/10.1007/978-3-7091-6380-1_20
https://doi.org/10.1007/978-3-7091-6380-1_20
https://doi.org/10.1111/j.1469-1809.1975.tb00632.x
https://doi.org/10.1007/978-3-7091-6262-0_2
https://doi.org/10.1073/pnas.0813248106
https://doi.org/10.1002/mrdd.20164
https://doi.org/10.1002/mrdd.20164
https://doi.org/10.1073/pnas.0500802102
https://doi.org/10.1073/pnas.0500802102
https://doi.org/10.1016/j.neuron.2006.05.022
https://doi.org/10.1096/fj.07-104539
https://doi.org/10.1096/fj.07-104539
https://doi.org/10.1016/j.neurobiolaging.2013.03.018
https://doi.org/10.1016/j.neurobiolaging.2013.03.018
https://doi.org/10.1042/BJ20061451
https://doi.org/10.1042/BJ20061451
https://doi.org/10.1016/j.neurobiolaging.2013.12.022
https://doi.org/10.1016/j.neulet.2010.10.010

The Role of HSA21 Encoded miRNA in Down Syndrome

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

phosphorylation  regulated kinase 1A-mediated
phosphorylation of amyloid precursor protein: evidence
for a functional link between Down syndrome and
Alzheimer’s disease. ] Neurochem. 2008;104(5):1333—
44. doi:10.1111/j.1471-4159.2007.05075.x

Das D, Phillips C, Hsieh W, Sumanth K, Dang V, Salehi
A. Neurotransmitter-based strategies for the treatment
of cognitive dysfunction in down syndrome. Prog
Neuro-Psychopharmacol Biol Psychiatry. 2014;54:140-
8. doi:10.1016/j.pnpbp.2014.05.004

Salehi A, Delcroix J-D, Swaab D. Alzheimer’s disease
and ngf signaling. Neural Transm. 2004;111(3):323-45.
doi:10.1007/s00702-003-0091-x

Rafii MS. Improving Memory and Cognition in
Individuals with Down Syndrome. CNS Drugs.
2016;30(7):567-73.d0i:10.1007/s40263-016-0353-4
Kreutzer JS, DeLuca ], Caplan B, Encyclopedia of
Clinical Neuropsychology. New York: Springer; 2013.
p. 2618-21.

Kuhn DE, Nuovo ]G, Terry Jr AV, Martin M, Malana
GE, Sansom SE, et al. Chromosome 21-derived
microRNAs provide an etiological basis for aberrant
protein expression in human Down syndrome brains.
J Biol Chem. 2010;285(2):1529-43. doi:10.1074/jbc.
M109.033407

Siew WH, Tan KL, Abbaspour Babaei M, Cheah
PS, Ling KH. MicroRNAs and intellectual disability
(ID) in Down syndrome, X-linked ID, and Fragile X
syndrome. Front Cell Neurosci. 2013;7:41. doi:10.3389/
fncel.2013.00041

Calvo IA. Noncoding RNA in cancer. ] Post Res Nov.
2017;33:45.

Paul P, Chakraborty A, Sarkar D, Langthasa M,
Rahman M, Bari M, et al. Interplay between miRNAs
and human diseases. ] Cell Physiol. 2018;233(3):2007-
18. doi:10.1002/jcp.25854

Kouhkan FE Hafizi M, Mobarra N, Mossahebi-
Mohammadi M, Mohammadi S, Behmanesh M, et al.
MiRNAs: A new method for erythroid differentiation of
hematopoietic stem cells without the presence of growth
factors. Appl Biochem Biotechnol. 2014;172(4):2055-
69. doi:10.1007/s12010-013-0633-0

Kouhkan FE Alizadeh S, Kaviani S, Soleimani M,
Pourfathollah AA, Amirizadeh N, et al. Mir-155 down
regulation by Ina inhibitor can reduce cell growth
and proliferation in pcl2 cell line. Avicenna ] Med
Biotechnol. 2011;3(2):61-6.

Griffiths-Jones S, Saini HK, van Dongen S, Enright AJ.
Mirbase: Tools for microrna genomics. Nucleic Acids
Res. 2007;36(Database issue):D154-8. doi:10.1093/nar/
gkm952

Bras A, Rodrigues AS, Gomes B, Rueff J. Down
syndrome and micrornas. Biomed Rep. 2018;8(1):11-6.
doi:10.3892/br.2017.1019

Chaves ], Felippe M, Almeida M, Bacovsky T, Ferrari
M. microRNAs expression correlates with levels of APP,
DYRKIA, hyperphosphorylated Tau and BDNF in the

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

hippocampus of a mouse model for Down syndrome
during ageing.  Neurosci Lett. 2020;714:134541.
doi:10.1016/j.neulet.2019.134541

Zhao ], Yue D, Zhou Y, Jia L, Wang H, Guo M, et al.
The Role of MicroRNAs in Ap Deposition and Tau
Phosphorylation in Alzheimer’s disease. Front Neurol.
2017; 8: 342. d0i:10.3389/fneur.2017.00342

Kong Y, Wu J, Yuan L. MicroRNA expression analysis
of adult-onset Drosophila Alzheimer’s disease model.
Curr Alzheimer Res. 2014;111:882-91. do0i:10.2174/156
7205011666141001121416

Guedes JR, Santana I, Cunha C, Duro D, Almeida
MR, Cardoso AM, et al. MicroRNA deregulation
and chemotaxis and phagocytosis impairment in
Alzheimer’s disease. Alzheimers Dement (Amst).
2015;3:7-17. d0i:10.1016/j.dadm.2015.11.004

Bekris LM, Leverenz JB. The biomarker and
therapeutic potential of miRNA in Alzheimer’s disease.
Neurodegener Dis Manag. 2015;5:61-74. doi:10.2217/
nmt.14.52

Wang X, Liu P, Zhu H, Xu Y, Ma C, Dai X, et al. miR-
34a, a microRNA up-regulated in a double transgenic
mouse model of Alzheimer’s disease, inhibits
bcl2 translation. Brain Res Bull. 2009;80:268-73.
doi:10.1016/j.brainresbull.2009.08.006
Banzhaf-Strathmann ], Benito E, May S, Arzberger T,
Tahirovic S, Kretzschmar H, et al. MicroRNA-125b
inducestauhyperphosphorylation and cognitive deficits
in Alzheimer’s disease. EMBO J. 2014;33(15):1667-80.
do0i:10.15252/embj.201387576

Ahmed A, Simon K, Cabelof D. Mirna-155 as modulator
of DNA polymerase beta and base excision repair (ber).
Environ Mol Mutagen. 2013;54:S32.

Griffiths MR, Neal JW, Fontaine M, Das T, Gasque
P. Complement factor h, a marker of self protects
against experimental autoimmune encephalomyelitis.
J  Immunol. 2009;182(7):4368-77.  doi:10.4049/
jimmunol.0800205

Keck-Wherley J, Grover D, Bhattacharyya S, Xu X,
Holman D, Lombardini ED, et al. Abnormal microrna
expression in ts65dn hippocampus and whole blood:
Contributions to down syndrome phenotypes. Dev
Neurosi. 2011;33(5):451-67. doi:10.1159/0003300884
Coppola A, Romito A, Borel C, Gehrig C, Gagnebin M,
Falconnet E, et al. Cardiomyogenesis is controlled by
the mir-99a/let-7c cluster and epigenetic modifications.
Stem  Cell Res. 2014;12(2):323-37.d0i:10.1016/].
scr.2013.11.008

Klusmann J-H, Li Z, Bohmer K, Maroz A, Koch ML,
Emmrich S, et al. miR-125b-2 is a potential oncomir
on human chromosome 21 in megakaryoblastic
leukemia. Genes Dev. 2010;24(5):478-90. do0i:10.1101/
gad.1856210

O’Connell RM, Rao DS, Chaudhuri AA, Boldin MP,
Taganov KD, Nicoll ], et al. Sustained expression
of microrna-155 in hematopoietic stem cells
causes a myeloproliferative disorder. ] Exp Med.

Pharmaceutical Sciences, 2021, 27(3), 302-312 | 310


https://doi.org/10.1111/j.1471-4159.2007.05075.x
https://doi.org/10.1016/j.pnpbp.2014.05.004
https://doi.org/10.1007/s00702-003-0091-x
https://doi.org/10.1007/s40263-016-0353-4
https://doi.org/10.1074/jbc.M109.033407
https://doi.org/10.1074/jbc.M109.033407
https://doi.org/10.3389/fncel.2013.00041
https://doi.org/10.3389/fncel.2013.00041
https://doi.org/10.1002/jcp.25854
https://doi.org/10.1007/s12010-013-0633-0
https://doi.org/10.1093/nar/gkm952
https://doi.org/10.1093/nar/gkm952
https://doi.org/10.3892/br.2017.1019
https://doi.org/10.1016/j.neulet.2019.134541
https://doi.org/10.3389/fneur.2017.00342
https://doi.org/10.2174/1567205011666141001121416
https://doi.org/10.2174/1567205011666141001121416
https://doi.org/10.1016/j.dadm.2015.11.004
https://doi.org/10.2217/nmt.14.52
https://doi.org/10.2217/nmt.14.52
https://doi.org/10.1016/j.brainresbull.2009.08.006
https://doi.org/10.15252/embj.201387576
https://doi.org/10.4049/jimmunol.0800205
https://doi.org/10.4049/jimmunol.0800205
https://doi.org/10.1159/000330884
https://doi.org/10.1016/j.scr.2013.11.008
https://doi.org/10.1016/j.scr.2013.11.008
https://doi.org/10.1101/gad.1856210
https://doi.org/10.1101/gad.1856210

Mabhernia et al.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

2008;205(3):585-94. d0i:10.1084/jem.20072108

Sun X, Xu C, Tang S-C, Wang ], Wang H, Wang P, et
al. Let-7c blocks estrogen-activated wnt signaling
in induction of self-renewal of breast cancer stem
cells. Cancer Gene Ther. 2016;23(4):83. doi:10.1038/
cgt.2016.3

Sun D, Lee YS, Malhotra A, Kim HK, Matecic M, Evans
C, et al. Mir-99 family of micrornas suppresses the
expression of prostate-specific antigen and prostate
cancer cell proliferation. Cancer Res. 2011;71(4):1313-
24. d0i:10.1158/0008-5472.CAN-10-1031

Hasle H. Pattern of malignant disorders in individuals
with down’s syndrome. Lancet Oncol. 2001;2(7):429-
36. d0i:10.1016/51470-2045(00)00435-6

Svobodova I, Korabe¢na M, Calda P, Bfestak M,
Pazourkovd E, PospiSilovd S, et al. Differentially
expressed miRNAs in trisomy 21 placentas. Prenat
Diagn. 2016;36(8):775-84. d0i:10.1002/pd.4861

Lim JH, Lee DE, Kim SY, Kim HJ, Kim KS, Han Y], et
al. MicroRNAs as potential biomarkers for noninvasive
detection of fetal trisomy 21. J Assist Reprod Genet.
2015;32(5):827-37. d0i:10.1007/s10815-015-0429-y
Tafazoli A, Behjati F, Farhud D, Abbaszadegan MR.
Combination of genetics and nanotechnology for
Down syndrome modification: A potential hypothesis
and review of the literature. Iran J Public Health. 2019;
48(3):371-8. doi:10.18502/ijph.v48i3.878

Van Meter EN, Onyango JA, Teske KA. A review of
currently identified small molecule modulators of
microrna function. Eur ] Med Chem. 2020;188:112008.
doi:10.1016/j.ejmech.2019.112008

Vigorito E, Kohlhaas S, Lu D, Leyland R. miR-155: an
ancient regulator of the immune system. Immunol Rev.
2013; 253:146-57. doi:10.1111/imr.12057

Farroni C, Marasco E, Marcellini V, Giorda E, Valentini
D, Petrini S, et al. Dysregulated miR-155 and miR-125b
Are Related to Impaired B-cell Responses in Down
Syndrome. Front Immunol. 2018;9:2683. doi:10.3389/
fimmu.2018.02683

Wang Z, Zhao Y, Zhang X, Badie H, Zhou Y, Mu Y, et
al. Loss of sorting nexin 27 contributes to excitatory
synaptic dysfunction by modulating glutamate
receptor recycling in Down’s syndrome. Nat Med.
2013;19(4):473-80. doi:10.1038/nm.3117

Li YY, Alexandrov PN, Pogue AI, Zhao Y,
Bhattacharjee S, Lukiw WJ]. miRNA-155 upregulation
and complement factor H (CFH) deficits in Down’s
Syndrome. Neuroreport. 2012;23(3):168-73. doi:10.10
97/WNR.0b013e32834f4eb4

Mahernia S, Hassanzadeh M, Sarvari S, Amanlou M.
Targeting the microRNA binding domain of argonaute
2: Rational inhibitor design and study of mutation
effects on protein-ligand interaction. ] Biomol Struct
Dyn. 2020;38(16):4710-7. doi:10.1080/07391102.2019.
1688688

Teng P, Shi Y, Sang P, Cai J. I'-aapeptides as a new class
of peptidomimetics. Chemistry. 2016;22(16):5458-66.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

doi:10.1002/chem.201504936

Yan H, Zhou M, Bhattarai U, Song Y, Zheng M, Cai
J, et al. Cyclic peptidomimetics as inhibitor for mir-
155 biogenesis. Mol Pharm. 2019;16(2):914-20.
doi:10.1021/acs.molpharmaceut.8b01247

Sun D, Layer R, Mueller AC, Cichewicz MA, Negishi
M, Paschal BM, et al. Regulation of several androgen-
induced genes through the repression of the mir-99a/
let-7¢/mir-125b-2 mirna cluster in prostate cancer
cells. Oncogene. 2014;33(11):1448-57. doi:10.1038/
onc.2013.77

Kinet V, Halkein ], Dirkx E, De Windt L]. Cardiovascular
extracellular micrornas: Emerging diagnostic markers
and mechanisms of cell-to-cell RNA communication.
Front Genet. 2013;4:214. d0i:10.3389/fgene.2013.00214
Luo S-S, Ishibashi O, Ishikawa G, Ishikawa T, Katayama
A, Mishima T, et al. Human villous trophoblasts express
and secrete placenta-specific micrornas into maternal
circulation via exosomes. Biol Reprod. 2009;81(4):717-
29. doi:10.1095/biolreprod.108.075481

PigatiL, Yaddanapudi SC, Iyengar R, Kim D-], Hearn SA,
Danforth D, et al. Selective release of microrna species
from normal and malignant mammary epithelial cells.
PloS One. 2010;5(10):e13515. doi:10.1371/journal.
pone.0013515

Kosaka N, Iguchi H, Yoshioka Y, Takeshita F, Matsuki
Y, Ochiya T. Secretory mechanisms and intercellular
transfer of micrornas in living cells. J Biol Chem.
2010;285(23):17442-52. doi:10.1074/jbc.M110.107821
Creemers EE, Tijsen AJ, Pinto YM. Circulating

micrornas: novel biomarkers and extracellular
communicators in cardiovascular disease?
Circ Res. 2012;110(3):483-95. doi:10.1161/

CIRCRESAHA.111.247452

Kuhn DE, Nuovo GJ, Martin MM, Malana GE, Pleister
AP, Jiang ], et al. Human chromosome 21-derived
miRNAs are over-expressed in down syndrome
brains and hearts. Biochem Biophys Res Commun.
2008;370(3):473. d0i:10.1016/j.bbrc.2008.03.120

Kuhn DE, Nuovo GJ, Terry AV, Martin MM, Malana
GE, Sansom SE, et al. Chromosome 21-derived
micrornas provide an etiological basis for aberrant
protein expression in human down syndrome brains.
J Biol Chem. 2010;285(2):1529-43. doi:10.1074/jbc.
M109.033407

Kroh EM, Parkin RK, Mitchell PS, Tewari M. Analysis
of circulating microrna biomarkers in plasma and
serum using quantitative reverse transcription-pcr
(qrt-pcr). Methods. 2010; 50(4):298-301. doi:10.1016/j.
ymeth.2010.01.032

Chen X, Ba Y, Ma L, Cai X, Yin Y, Wang K, et al.
Characterization of micrornas in serum: A novel
class of biomarkers for diagnosis of cancer and other
diseases. Cell Res. 2008;18(10):997-1006. doi:10.1038/
cr.2008.282

Williams Z, Ben-Dov IZ, Elias R, Mihailovic A, Brown
M, Rosenwaks Z, et al. Comprehensive profiling of

311 | Pharmaceutical Sciences, 2021, 27(3), 302-312


https://doi.org/10.1084/jem.20072108
https://doi.org/10.1038/cgt.2016.3
https://doi.org/10.1038/cgt.2016.3
https://doi.org/10.1158/0008-5472.CAN-10-1031
https://doi.org/10.1016/S1470-2045(00)00435-6
https://doi.org/10.1002/pd.4861
https://doi.org/10.1007/s10815-015-0429-y
https://doi.org/10.18502/ijph.v48i3.878
https://doi.org/10.1016/j.ejmech.2019.112008
https://doi.org/10.1111/imr.12057
https://doi.org/10.3389/fimmu.2018.02683
https://doi.org/10.3389/fimmu.2018.02683
https://doi.org/10.1038/nm.3117
https://doi.org/10.1097/WNR.0b013e32834f4eb4
https://doi.org/10.1097/WNR.0b013e32834f4eb4
https://doi.org/10.1080/07391102.2019.1688688
https://doi.org/10.1080/07391102.2019.1688688
https://doi.org/10.1002/chem.201504936
https://doi.org/10.1021/acs.molpharmaceut.8b01247
https://doi.org/10.1038/onc.2013.77
https://doi.org/10.1038/onc.2013.77
https://doi.org/10.3389/fgene.2013.00214
https://doi.org/10.1095/biolreprod.108.075481
https://doi.org/10.1371/journal.pone.0013515
https://doi.org/10.1371/journal.pone.0013515
https://doi.org/10.1074/jbc.M110.107821
https://doi.org/10.1161/CIRCRESAHA.111.247452
https://doi.org/10.1161/CIRCRESAHA.111.247452
https://doi.org/10.1016/j.bbrc.2008.03.120
https://doi.org/10.1074/jbc.M109.033407
https://doi.org/10.1074/jbc.M109.033407
https://doi.org/10.1016/j.ymeth.2010.01.032
https://doi.org/10.1016/j.ymeth.2010.01.032
https://doi.org/10.1038/cr.2008.282
https://doi.org/10.1038/cr.2008.282

The Role of HSA21 Encoded miRNA in Down Syndrome

circulating microrna via small rna sequencing of cdna
libraries reveals biomarker potential and limitations.
Proc Natl Acad Sci U S A. 2013;110(11):4255-60.
doi:10.1073/pnas.1214046110

83.Miura K, Miura S, Yamasaki K, Higashijima A,
Kinoshita A, Yoshiura K-i, et al. Identification of
pregnancy-associated micrornas in maternal plasma.
Clin Chem. 2010;56(11):1767-71.  doi:10.1373/
clinchem.2010.147660

84. Kamhieh-Milz J, Moftah RFH, Bal G, Futschik M,

85.

Sterzer V, Khorramshahi O, et al. Differentially
expressed micrornas in maternal plasma for the
noninvasive prenatal diagnosis of down syndrome
(trisomy 21). Biomed Res Int. 2014;2014:402475.
doi:10.1155/2014/402475

Kotlabova K, Doucha J, Chudoba D, Calda P, Dlouha K,
Hromadnikoval. Extracellular chromosome 21-derived
micrornas in euploid & aneuploid pregnancies. Indian
J Med Res. 2013;138(6):935-43.

Pharmaceutical Sciences, 2021, 27(3), 302-312 | 312


https://doi.org/10.1073/pnas.1214046110
https://doi.org/10.1373/clinchem.2010.147660
https://doi.org/10.1373/clinchem.2010.147660
https://doi.org/10.1155/2014/402475



