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Abstract:  MicroRNA-3099 (miR-3099) plays a crucial role in regulating neuronal differentiation and development of the 
central nervous system (CNS). The miR-3099 is a pro-neuronal miRNA that promotes neural stem/progenitor cell (NSPC) 
differentiation into neuronal lineage by suppressing astrogliogenesis. Down syndrome (DS) brain exhibited increased 
astrogliogenesis and reduced neuronal cell density. The involvement of miR-3099 in the neurodevelopment of DS has 
not been investigated and potentially responsible for the neurogenic-to-gliogenic shift phenomenon observed in DS 
brain. To investigate the role of miR-3099 during DS brain development, neural/progenitor cell proliferation and 
differentiation, we profiled miR-3099 expression level in the Ts1Cje, a mouse model for DS. We analysed the Ts1Cje 
whole brain at embryonic day (E) 10.5, E14.5 and P1.5, proliferating neurospheres and differentiating neurospheres at 
3, 9 and 15 days in vitro (DIV). Expression of miR-3099 in both the developing mouse brain and the differentiating 
neurosphere was not significantly different between Ts1Cje and wild type controls. In contrast, the expression level of 
miR-3099 was significantly higher (p<0.05) in proliferating NSPC derived from the Ts1Cje compared to wild-type. Further 
molecular profiling of NPSC and glial cell markers indicated that the expression of Sox2 (p<0.01) and Gfap (p<0.05) were 
significantly downregulated in Ts1Cje neurospheres as compared to that of wild type, respectively. While there were no 
significant differences in Tuj1 and Nestin expression levels between the Ts1Cje and wild type neurospheres, their 
expression levels were ~3-fold upregulated and ~2.6 downregulated Ts1Cje group, respectively. The findings suggest 
that dysregulation of miR-3099 affects NSPC lineage commitment as indicated by altered postmitotic neuronal cell 
markers. Further molecular characterisation and gene expression profiling of other neuronal and glial markers will help 
refine the analysis of gene-gene interactions underlying the neuropathologies of DS. 
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1.0  INTRODUCTION 
Down syndrome (DS) is a high prevalence chromosomal 
disorder with an incidence rate between 1 in 1,000 to 1 
in 1,100 live birth worldwide (Organisation, 2019). The 
incidence rate is higher in pregnant women >35 years 
old and increases with further maternal age advances 

(Hultén et al., 2010). DS is the most common cause of 
intellectual disability (ID), and it accounts for nearly one-
third of all diagnosed ID cases worldwide (Mégarbané et 
al., 2013). DS is caused by an extra copy of the entire or 
part of human chromosome 21 (HSA21). Approximately 
~4% of DS patients manifest trisomy 21 due to the 
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translocation of chromosome 21 to most often an 
acrocentric chromosome. About 1% of DS patients are 
mosaic and exhibit co-existence of somatic cells with 
normal and trisomy 21 karyotypes (Mutton et al., 1996).     
 
The ID in DS individuals is mainly a consequence of 
development perturbations caused by the triplication of 
HSA21 genes (Antonarakis et al., 2020). Several studies 
on the neocortex, hippocampus and cerebellum of DS 
newborns, infants and adults demonstrated a size 
reduction that was correlated with reduced neuronal 
density (Aylward et al., 1999; Brunamonti et al., 2011; 
Menghini et al., 2011; Pinter et al., 2001). In addition, 
decreased gyri formation, abnormal neocortical and 
hippocampal lamination, and delayed fibre myelination, 
were also observed among DS individuals (Ábrahám et 
al., 2012; Wisniewski, 1990). Dendritic abnormalities 
are the most consistent anatomical correlates of ID 
(Moser, 1999). It was proposed that neurogenic-to-
gliogenic switch could play a role in dysregulation of 
neurodevelopment in DS (Lee et al., 2016). It has been 
postulated that the skewed of neuronal and glia ratio 
causes a reduction of the neuronal precursor 
specification (Briggs et al., 2013). Several pathways 
were aberrant in trisomic lines, subsequently perturbed 
the transition from neural stem cell, and the formation 
of mature neuronal structure. One of the pathways 
involved in the transition of neuronal to glial 
differentiation is the JAK-STAT signalling pathway (Lee 
et al., 2016). In DS brains, overstimulation of the JAK-
STAT pathway promotes glial differentiation coupled 
with the transcription of gliogenic genes such as Gfap 

and S100. The expression of APP and DYRK1A was 
elevated in DS, which subsequently downregulated 
sonic hedgehog (SHH) signalling pathway and led to 
reduced neurogenesis in the trisomic brain (Stagni et al., 
2018). Moreover, the expression of Gfap was higher in 
DS brain, and it was consistent with the elevated 
expression of Gfap in DS mouse model (Hewitt et al., 
2010; Lockrow et al., 2012). 
 
MiR-3099 is a 22-nt microRNA (miRNA) that regulates 
neuronal development. Expression of miR-3099 was 
observed as early as E3.5 blastocyst stage and continue 
to express throughout the embryonic stage, particularly 
at the telencephalon region (E9.5 to E11.5) and later 
throughout the central nervous system (between E13.5-
E17.5) (Ling et al., 2011). The expression of miR-3099 
was also found upregulated for ~2-fold in P19 cell upon 
retinoic acid induction (Ling et al., 2011) as well as 
upregulated 2-3-fold in 46C mouse embryonic stem 
(mES) cell following neural induction (Abidin et al., 
2014). In an overexpression study, the miR-3099 

promoted neuronal differentiation in mES cells 
evidenced by the upregulation of proneural markers 
such as NeuN, Tuj1, NeuroD1, Sox4, Gat1, vGluT1 and 
vGluT2, and downregulation of astrogliogenesis 
markers such as Gfap, S100β and Slc1a3 (Zainal Abidin 
et al., 2019). Further in vivo study shows that the 
overexpression of miR-3099 inhibits the expression of 
Gfap during corticogenesis (Zainal Abidin et al., 2019). 
The 3'UTR of Gfap was also validated as miR-3099 target 
via an in vitro luciferase assay (Abidin et al., 2017). 
Collectively, these findings indicate that miR-3099 play 
a regulatory role to suppress astrogliogenesis and to 
promote neurogenesis by targeting Gfap expression 
during proneural development. Due to the involvement 
role of miR-3099 in Gfap regulation during neuronal 
differentiation, we would like to determine the 
expression of miR-3099 in DS. To achieve this, we 
employed Ts1Cje as a mouse model for DS.   
 
Ts1Cje, a mouse model for DS carries an extra copy of 
MMU16 genes spanning from Sod1 and Mx1 (Sago et al., 
1998) with several features suggestive of DS such as 
craniofacial defects, learning and memory impairment 
and hypoplasia of the hippocampus (Herault et al., 
2017; Vacano et al., 2012). The Ts1Cje carries an extra 
segment of MMU16 which is conserved synteny to 
HSA21 (Galdzicki et al., 2001; Pletcher et al., 2001). 
Ts1Cje also demonstrates cognitive and behavioural 
abnormalities (Sago et al., 1998), that are associated 
with ID. The reduction of neurogenesis due to the 
neurogenic-to-gliogenic shift phenomenon was 
reported in Ts1Cje, in which neural stem/progenitor 
cells (NSPCs) tend to differentiate into glial cells when 
comparing to that of wild type (Hewitt et al., 2010). To 
elucidate the regulatory role of miR-3099 in the early 
neurodevelopment of Ts1Cje brain, we examined the 
expression pattern of miR-3099 throughout different 
development stages of the Ts1Cje whole brain (E10.5, 
E14.5 and P1.5) and NSPC that cultured as 
neurospheres. The neurosphere derived from the E15.5 
cerebral cortex was differentiated into the neuronal 
lineage, and the expression of miR-3099 was also 
determined. For the DS samples with a significant 
expression level of miR-3099 compared to that of wild 
type, the gene expression level of selective neural stem 
cell, neuronal and glial markers were also evaluated.  
 
2.0  MATERIALS AND METHODS 

2.1  Experimental animals 

The Ts1Cje and disomic mice were generated by mating 
Ts1Cje males with C57BL/6 female mice. The mice were 
supplied with food, and water ad libitum were 
maintained in a 12 h light/12 h dark cycle. Housing and 
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procedures were conducted in accordance with ethical 
permit approval by Universiti Putra Malaysia 
Institutional Animal Care and Use Committee (IACUC, 
UPM/IACUC/AUP-R086/2015). 
 
2.2  Genotyping of Ts1Cje mice  
The mice tails were harvested and lysed in 500 µl of lysis 
buffer [0.1 M Tris-HCl (pH 8.0), 0.2 M NaCl, 5 mM EDTA, 
0.2% SDS and 0.1 mg/ml proteinase K]. The samples 
were incubated overnight at 56°C followed by 
centrifugation at 13,000 rpm for 10 min. Then, the 
supernatant was transferred into 500 µl of ice-cold 
isopropanol and left at room temperature for 5 min. The 
solution was centrifuged at maximum speed for 5 min 
to pellet the DNA. The supernatant was discarded, and 
the DNA pellet was rinsed twice with 70% ethanol. The 
sample was centrifuged again at maximum speed for 5 
min. Then, the supernatant was discarded, and DNA 
pellet was dried at 37°C. A total of 50 µl DEPC-treated 
water was used to elution buffer and kept at 65°C for 15 
min. The extracted DNA was stored at -20°C until further 
analysis. 

 
The mice were genotyped by using multiplex PCR for 
neomycin (Neo) and glutamate receptor ionotropic, 
kainite 1 (Grik1) gene. Genotyping was performed by 
using two sets of primer, one for Neo gene (forward 5’-
CTCACCTTGCTCCTGCCGAG-3' and reverse 5’-
CTGATGCTCTTCGTCCAGATCATC-3') and the other set 
for Grik1 gene (forward 5’-CCCCTTAGCATAACGACCAG-
3' and reverse 5’-GGCACGAGACAGACAGTGAG-3'). The 
PCR reactions were set up, containing 20 µl of 1X LC480 
Probe Master Mix (Roche Life Science), 0.5 µM of 
primers, 100 ng of DNA, and remaining DEPC-treated 
water. The PCR reaction was cycled in Eppendorf 
Mastercycler Gradient PCR machine (Eppendorf) with 
an initial denaturation set at 95°C for 10 min, followed 
by 30 cycles of 95°C for 10 s, 60°C for 30 s and 72°C for 
10 s with an additional elongation step at 72°C for 7 min. 
Then, the qualitative analysis was performed on 
electrophoresed DNA bands in 1-2% (w/v) agarose gel 
stained with ethidium bromide.      
 
The Ts1Cje mouse model was generated during Sod1 
gene targeting by homologous recombination using a 
targeting vector containing the neomycin resistance 
gene (Huang et al., 1997) Neo was used as a positive 
selection. Grik1 on chromosome 16 was used for 
background control. Qualitative PCR analysis yielded a 
specific 176 bp fragment of amplified Neo gene and a 
333 bp fragment of Grik1 gene in Ts1Cje, whereas only 
PCR fragment from Grik1 gene in the wild type mice 
(Supplementary Figure).    

2.3  Generation of neurosphere cultures derived from 
E15.5 mouse cerebral cortex 
Cerebral cortices were harvested from the E15.5 mouse 
embryo. The dissected tissue was placed in Neurobasal 
medium (Gibco) supplemented with 1% (v/v) penicillin-
streptomycin (10,000 U/ml) (Gibco). The cerebral cortex 
tissues were then transferred into 0.05% trypsin (Gibco) 
to dissociate into a single-cell suspension by gentle 
mechanical pipetting. The single cells were cultured into 
a growth medium for 5-7 days. The growth medium 
consists of Neurobasal medium, 1X B-27 supplement 
(Gibco), 20 ng/ml epidermal growth factor (EGF) 
(ThermoFisher Scientific), 20 ng/ml fibroblast growth 
factor (FGF) (ThermoFisher Scientific), 1% GlutaMAX 
(Gibco), 2 mM L-glutamine (Gibco) and 1% penicillin-
streptomycin.  
 

2.4  Differentiation of neurosphere 

The neurospheres were dissociated into the single-cell 
format with 0.05% trypsin, followed by centrifuge at 800 
rpm for 5 min. The cells were seeded approximately 5 x 
104 cell/ml in the poly-L-lysine-laminin coated 6-well 
plate for 3, 9, and 15 days in vitro (DIV) supplemented 
with the neurodifferentiation media (Neurobasal 
medium, 1X B-27, 1% foetal bovine serum (FBS) 
(Gibco)), 1% GlutaMAX, 2 mM L-glutamine and 1% 
penicillin-streptomycin.   
 
2.5  RNA extraction from whole-brain tissue 
The total RNA was extracted from whole-brain tissues 
(E10.5, E14.5 and P1.5), neurospheres and 
differentiating cells at 3, 9 and 15 DIV using TRIzol 
reagent (Invitrogen) according to the manufacturer's 
instructions. In brief, the whole brain was homogenised 
in 1 ml of TRIzol reagent. While for neurospheres and 
differentiating cells, the media was discarded and 
resuspended with 1 ml of TRIzol. The sample was then 
incubated for 5 min at room temperature to permit 
complete dissociation of the nucleoprotein complex. 
Subsequently, 200 µl of chloroform was added and 
incubated for 3 min at room temperature. Then, the 
homogenised sample was centrifuged at 12,000 x g for 
15 min at 4°C. The homogenised sample was separated 
into three layers, with the lower layer is a red phenol-
chloroform phase, interphase and upper layer a 
colourless aqueous phase. The upper layer containing 
RNAs was transferred into 500 µl of 100% isopropanol 
and incubated at room temperature for 10 min. The 
mixture was centrifuged at 12,000 x g for 10 min at 4°C, 
and the supernatant was discarded, leaving only the 
RNA pellet. The RNA pellet was then washed with 1 ml 
of 75% ethanol and centrifuged at 7,500 x g for 5 min at 
4°C. The supernatant was discarded, and the RNA pellet 
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was air-dried for 5-10 min. The RNA pellet was 
resuspended in 30 µl DEPC-treated water and incubated 
at 60°C for 15 min. The RNA was stored at -80°C until 
further analysis. 
 
2.6  Stem-loop reverse transcription 
A total of 1.5 µg of RNA was synthesised by using 
Superscript™ IV Reverse Transcriptase kit (Invitrogen) 
and 0.1 µM of stem-loop primer (5'GTTGGCTCT 
GGTAGGATG CCGCTCTCA GGGCAT CCTACCAGA 
GCCAAACTC CCCA'3). The manufacturer's protocol was 
modified slightly by adding the stem-loop primer after 
the denaturation step at 65°C for 5 min, before 
incubation on ice for 2 min. The cDNA synthesis was 
then performed at 16°C for 30 min followed by 60 cycles 
of 20°C for 30 sec, 42°C for 30 sec and 50°C for 1 sec. A 
final incubation at 75°C for 15 min was performed to 
inactivate the reverse transcriptase.  
 
2.7  Pulsed stem-loop-quantitative polymerase chain 
reaction  
The pre-PCR was performed in 20 µl of a total reaction 
containing 0.01X of cDNA, 1X LC480 Probe Master 
(Roche), and 1.0 µM of miR-3099 primer and universal 
reverse primer. The pre-PCR was carried out at 95°C for 
10 min, 55°C for 2 min and another 2 min at 75°C and 
followed by 14 additional cycles of 95°C for 15 sec and 
60°C for 4 min. Upon pre-PCR, the expression of miR-

3099 gene was determined by using 1 µl of pre-PCR 
product, 1X LC480 Probe Master, 0.1 µM of UPL Probe 

21 (Roche), 1.0 µM of forward and universal reverse 
primer in 10 µl of total reaction. The qPCR cycle began 
with an initial denaturation (95°C for 10 min) and 45 
cycles at 95°C for 10 sec, 60°C for 30 sec and 72°C for 10 
sec. The final step was performed at 40°C for 1 sec.  
 
While for selected genes qPCR analysis, the samples 
were prepared in 96-well plates with 10 µl per reaction. 
The reaction consists of 1X LC480 SYBR Green I Master 
(Roche), 1.0 µM of forward and reverse primers (Table 
1). The qPCR analysis was performed with an initial 
denaturation (95°C for 10 min) and 45 cycles of 95°C for 
10 sec, 60°C for 30 sec and 72°C for 10 sec, followed by 
40°C for 1 sec. The amplification signals were acquired 
during the elongation step and recorded by using 
LightCycler® 480 Software version 1.5. The crossing 
point (Cp) from each signal was calculated based on the 
Second Derivative Maximum method (Luu-The et al., 
2005).       
 
For miR-3099 expression analysis, a minimum 4-data 
point standard curve was constructed using serially 
diluted pooled cDNAs for each primer set used in qPCR 
in each run. The standard curve was used to determine 
the PCR efficiency and reproducibility of each PCR  

 

Table 1: List of primer and their properties 

Genes Sequence (5'→3') GC% Tm(⁰C) Amplicon Size (bp) 

Sox2 
Forward CGCCCAGTA GACTGCAC A 61 

60 95 
Reverse CCCTCACAT GTGCGACAG 61 

Nestin 
Reverse TCCCTTAGTCTGGAAGTGGCTA 50 

60 68 
Forward GGTGTCTGCAAGCGAGAGTT 55 

Tuj1 
Forward GCGCATCAGCGTATACTACAA 48 

60 85 
Reverse CATGGTTCCAGGTTCCAAGT 50 

Gfap 
Forward CGCCACCTACAGGAAATTG 53 

60 76 
Reverse CTGGAGGTTGGAGAAAGTCTGT 50 

miR-3099 Forward CGCGTAGGC TAGAGAGAG GT 60 
60 65 

Universal reverse primer GTAGGATGC CGCTCTCAG G 63 

 
 

system. The U6 was used to normalise the quantitative 
analysis. The normalisation against the housekeeping 
gene was based on a method as previously described 
(Ling et al., 2009). While for selected genes, the qPCR 
data were analysed by using delta-delta Ct value. Two 
different genes, Psmb2 and Pgk1 were used to 
normalise against the gene expression of selected 
genes. 

2.8  Statistical analysis 
Two-way ANOVA analysis was used to compare the miR-
3099 expression levels between wild type and Ts1Cje 
groups, followed by Tukey's test. The size analysis and 
gene expression study of the neurosphere between wild 
type and Ts1Cje were compared using Student's t-test. 
Statistical analyses were performed using GraphPad 
Prism 7 software. Differences between wild type and 
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Ts1Cje groups were considered significant at *p<0.05, 
**p<0.01 and ***p<0.001. 
 
3.0  RESULTS 
The expression of miR-3099 was examined at different 
time points of the developing mouse brain (Figure 1). As 
compared to the E10.5 brain, expression of miR-3099 
was elevated in the E14.5 and P1 brains for both 
genotypes. The miR-3099 expression level was 
comparable for both genotypes between E14.5 and P1.5 
brains without any statistical differences. In both 
groups, compared to neurospheres, the miR-3099 level 
was highest at DIV 9 than DIV 3 or DIV 15 (Figure 2). For 
the wild type group, miR-3099 expression was elevated 
in differentiating cells at all the three selected 
timepoints as compared to the proliferating NPSC 
(Figure 2). For the Ts1Cje group, the expression level of 
miR-3099 was similar for both the proliferating NPSC 
and the differentiating cell of DIV 3.  
 
 

 
Figure 1: Expression of miR-3099 in Ts1Cje mouse brain 
development. The stem-loop RT-qPCR analysis was 
performed on E10.5, E14.5 and P1.5 whole brain (where n = 
4). The values were presented as mean ± SEM. The statistical 
analysis was performed by using two-way ANOVA followed by 
Tukey's test.   

 
 
While there was no significant difference of miR-3099 
expression in differentiating cells for both genotypes, it 
is interesting to note that the expression was 
upregulated ~4-fold (p=0.0448) in the Ts1Cje 
neurospheres when compared with that of wild type. In 
addition, the size of the Ts1Cje neurosphere (as a 

measurement of the diameter) (189.60  13.349 m) 
was significantly smaller (p=0.000364) as compared to 

that of wild type (340.11  10.276 m) (Figure 3). The 
expression profile of the selected genes (neural stem 
cell, neuronal and glial markers) in neurospheres 
(proliferating NSPC) was further compared for both 
genotypes (Figure 4). The expression of Tuj1 was ~3-fold 
higher while Nestin expression was ~2.6-fold lower in 

Ts1Cje neurospheres, but not statistical significance 
when compared to wild type neurospheres. The 
expression of Gfap and Sox2 were significantly 
downregulated for ~2-fold (p=0.0113) and ~5-fold 
(p=0.00589) in Ts1Cje neurospheres as compared to 
that of wild type, respectively. The results indicate that 
the upregulation of miR-3099 in the Ts1Cje neurosphere 
has elevated neuronal marker expression (Tuj1) and 
suppressed the glial marker expression, Gfap.   
 
 

 
Figure 2: Expression of miR-3099 in neurosphere and 
differentiating neurosphere. Stem-loop RT-qPCR analysis of 
miR-3099 in neurosphere (where n = 6) and differentiating 
neurosphere at DIV 03, 09 and 15, where n = 4. The mean ± 
SEM is presented in the bar graph. The statistical analysis was 
performed by using two-way ANOVA followed by Tukey's test. 
The asterisk (*) denotes statistical significance at p<0.05.  

 
 
4.0  DISCUSSION 
No differences in miR-3099 expression were observed in 
multiple stages of brain development between Ts1Cje 
and wild type. The expression of miR-3099 in whole 
brain has a similar pattern in Ts1Cje and wild type, 
potentially due to the cell heterogeneity that could 
diluted expression of miR-3099. Throughout the brain 
development,  miR-3099 was expressed at restricted 
brain regions such as cortical plate, piriform cortex and 
lower level in the hippocampal formation (Ling et al., 
2011). Therefore, spatiotemporal or cell-specific 
expression profiling using single-cell (sc) RNAseq, 
immunostaining, flow cytometry or microfluidic 
technologies would yield a better transcriptomic 
landscape of miR-3099 during neurodevelopment of 
Ts1Cje mouse.   
 
The expression of miR-3099 was significantly 
upregulated in  Ts1Cje neurosphere  when  compared to 
wild type, but not during the differentiation stages of 
the neurosphere. The neurosphere is heterogeneous, 
containing proliferative NPSCs, postmitotic neurones as 
well as glial cells. Based on findings, both Sox2 (stem cell 
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Figure 3: Reduction in size of Ts1Cje-derived neurosphere. 
Bright-field image of neurosphere derived from E15.5 of (A) 

wild type and (B) Ts1Cje. Scale bars, 100 m. (C) Quantitative 
analysis of the mean size of neurospheres derived from wild 
type and Ts1Cje. The mean size of neurospheres derived from 
Ts1Cje was significantly smaller than wild type (where n = 10 
neurospheres). Error bars show mean ± SEM, the asterisk 
(***) denotes statistical significance at p<0.001 based on T-
Test. 

 
 

 
 

Figure 4: Expression profile of selected genes between 
Ts1Cje and wild type. The genes were selected based on 
different markers of neural differentiation, such as (A) stem 
cell marker, Sox2, (B) neural progenitor marker, Nestin, (C) 
immature neurone marker, Tuj1 and (D) astrocytes marker, 
Gfap. Values are presented as mean ± SEM. Statistical analysis 
was performed using T-Test. The asterisk denotes significant 
differences between Ts1Cje and wild type at p<0.05* and 
p<0.01**, n=3 biological replicates.   

marker) and Gfap (astrocytic marker) were significantly 
downregulated in the Ts1Cje neurosphere, which was in 
line with our previous study (Zainal Abidin et al., 2019), 
where the upregulation of miR-3099 in transgenic 
mouse embryonic stem cell led to a lower expression of 
Sox2 and Gfap. The Sox2 has been proposed to be part 
of the GFAP positive 'glial' population residing in the 
subependymal region as well as at the base of the 
granule cell layer of the subventricular zone (Doetsch et 
al., 1999; Doetsch, 2003; Ferri et al., 2004). It is reported 
that the miR-3099 was negatively regulating Gfap; 
hence, by suppressing the expression of Gfap (Abidin et 
al., 2017; Zainal Abidin et al., 2019), it may indirectly 
reduce the Sox2 expression in the neurosphere. The 
Sox2 has a critical role in maintaining the pluripotency 
of the stem cell. Nonetheless, the deficiency of Sox2 
could negatively affect neurosphere formation (Ferri et 
al., 2004). In DS brain, SOX2+ and GFAP+ cells were 
decreased in both the outer subventricular zone (oSVZ) 
and intermediate zone (IZ) (Baburamani et al., 2020), 
further affirming the role of Sox2/Gfap in neurogenesis 
or maintenance of the NSPC pool. While we do not have 
evidence that indicates miR-3099 direct involvement in 
Sox2/Gfap regulation in Ts1Cje neurospheres, it is 
tempting to correlate the miR-3099 upregulation in DS 
to increased cell cycle exit leading to reduced 
maintenance of NSPC cell pool. The notion is further 
corroborated with the well-documented smaller Ts1Cje 
neurosphere compared to the control (H. C. Lee et al., 
2019; Moldrich et al., 2009; Seth et al., 2020) as the 
consequences of impaired neurogenesis. 
 
In DS, impairment of neurogenesis is caused by the 
reduction of the pool size of NSPC and the increased 
propensity of NSPC to acquire an astrocytic phenotype. 
A previous study has demonstrated that the number of 
neurones was reduced by approximately 56%, whereas 
the number of astrocytes was increased by 6% in Ts1Cje 
differentiating neurosphere (Hewitt et al., 2010). Similar 
findings also reported that DS induced pluripotent stem 
cell (iPSC)-derived NPC under spontaneous 
differentiation condition might exhibit a higher 
percentage of astrocytes (~78%) as compared to control 
(~60%) (Chen et al., 2014). In this study, the expression 
of Gfap was downregulated, while Tuj1 was upregulated 
(even though no significant difference) in proliferating 
Ts1Cje neurosphere. While our results may suggest 
early-stage accelerated cell commitment, our findings 
do not explain how this could lead to the neurogenic-to-
gliogenic shift seen in DS models (Hewitt et al., 2010; 
Reiche et al., 2019; Zdaniuk et al., 2011). One 
explanation for the reduced propensity of DS NSPCs to 
acquire neuronal cell phenotype is the upregulation of 
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JAK-STAT and NOTCH signalling pathways in DS that 
work hand-in-hand to promote astrogliogenesis (Lee et 
al., 2016; Yusof et al., 2019). These signalling pathways 
are enhanced by both APP and DYRK1A that interfere 
with fate specification, thereby suppressing 
neurogenesis in the DS brain (Stagni et al., 2018). 
 
A previous study found a miR-3099 homologue in the 
human genome known as mds21 (Genbank Accession 
ID: MK521584), which shared 100% and 64% identity 
with miR-3099 seed region and sequence, respectively 
(Zainal Abidin et al., 2019). This gene was found in low 
abundance in datasets generated from the human 
brain, prostate tumour tissue and human embryonic 
stem cell (Cloonan et al., 2011; Ren et al., 2012; 
Sherwood et al., 2011). Furthermore, mds21 was 
expressed in several human cell lines ranging from 
human cancers, mesenchymal stem cells, amniotic fluid 
and neuroblast. Interestingly, mds21 was originated 
from the sense strand of exon 42 of the BRWD1 gene in 
HSA21. This gene is involved in chromatin remodelling 
associated with the SWI/SNF protein complex (Bakshi et 
al., 2010; Huang et al., 2003). However, mds21 requires 
further characterisation to elucidate its role in brain 
development and neural differentiation. Understanding 
the role and expression pattern of mds21 could 
potentially be a molecular therapeutic strategy or 
marker for DS. Nevertheless, in therapeutic strategy 
development, it is advisable to not targeting only a 
single miRNA. Complex regulatory networking involving 
miRNA-mRNA-protein interactions is not based on a 
one-to-one relationship but a cluster of miRNAs that 
synergistically regulate the targeted gene. Another 
important requirement is a delivery system to target a 
specific organ at the right time point. The expression of 
miRNA has dynamic changes through development. The 
most important in developing a miRNA-targeting 
strategy is understanding the selectivity, redundancy 
and specificity of the delivery approach. These 
prospects of miRNA as a therapeutic target remain 
promising.   
 

5.0  CONCLUSIONS 
In summary, we have analysed the expression of miR-
3099 in the developing Ts1Cje mouse brain, 
proliferating and differentiating neurosphere. MiR-3099 
is known to be important in modulating and regulating 
neuro-differentiation and suppressing astrogliogenesis. 
However, this study has demonstrated that the miR-
3099 expression profile was similar for wild-type and 
Ts1Cje brains but not the neurosphere. The 
upregulation of miR-3099 in the Ts1Cje neurosphere 
coincides with the downregulation of Sox2, Gfap and 
Nestin, and upregulation of Tuj1. Our findings suggest 
that upregulation of miR-3099 is associated with an 
early defect in NPSCs maintenance, potentially via 
direct/indirect regulation of Sox2/Gfap-mediated 
pathway. In addition, the upregulation of miR-3099 
could be a compensatory mechanism to balance 
neuronal and astrocyte cell lineage due to the 
chromosomal abnormalities of Ts1Cje.  
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