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Abstract 

Background: Motor neuron- related disorders such as Spinal Cord Injuries and Amyotrophic 

Lateral Sclerosis are extremely common around the world. Many efforts have been made to use 

stem cells to modulate regeneration of spinal cord damages. Human umbilical cord blood 

mesenchymal stem cells (CB-MSCs) cover a class of cells with self-renewal feature and 

multilineage differentiation capacity. Retinoic acid(RA) and sonic hedgehog(Shh) are two 

morphogens responsible in motorneuron commitment during development. This study aims to 

explore the effect of Shh and RA on differentiation of CB-MSCs into motor neuron- like cells and 

to determine the related microRNA profile. To do that, human MSCs were isolated and then 

characterized using flowcytometry. The cells were induced using RA and Shh and the outcomes 

were assessed by immunocytochemistry, real-time- PCR, and flowcytometry. MicroRNA analysis 

was performed using Solexa system at three libraries, including Test 1 (with RA and Shh), Test 2 

(After removing RA and Shh) and the Control. 

Results: The isolated cells were spindle shape and could express MSC markers confirmed by 

flowcytometry. The cells could express motorneuron- related markers including Islet-1, Hb-9, 

SMI-32 and ChAT at the level of mRNA and protein, when treated with RA and Shh. Two weeks 

after induction, the expression of Neun and Islet-1 declined. The analysis of miRNA sequencing 

revealed a significant expression of mir-let-7b, mir-137 and mir-324-5p, which were responsible 

for neuron/motor neuron differentiation and suppression of neural progenitor cell proliferation. 

Moreover, some novel microRNAs involved in cholinergic, Jak- Stat, Hedgehog and Map kinase 

signaling pathways were revealed. 

Conclusion: CB-MSC represents a type of cells with convenient accessibility, which can be 

differentiated into motor neuron- like cells in the presence of RA and Shh. We could also detect 

the expression of candid microRNAs responsible in motor neuron differentiation and some novel 

microRNAs involved in cholinergic, Jak- Stat, Hedgehog and Map kinase signaling pathways that 

must be functionally evaluated in further studies. 

Keywords: MicroRNA, Motor neuron, Mesenchymal Stem cell, Cord blood 
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Background 

MicroRNAs (miRNAs) represent a group of non- coding RNAs that consists of 18-24 nucleotides 

regulating post-transcriptional gene expression, [1]. These regulators play a key role in stem cell 

self-renewal and fate determination. They define critical roles for gene regulation by degrading 

messenger RNAs or inhibiting gene translation [2,3]. 

Each miRNA has potentials to identify multiple target mRNAs [4]. Thus, the expression of a series 

of genes that control biological processes may be modulated by one miRNA. Their capacity for 

coordinating the control of gene expression, together with the broad range of expression across 

different types of cells, suggest their crucial role in cellular processes such as differentiation and 

cell proliferation during normal development [5,6]. 

Recent investigations attempted to identify the link between miRNAs and neurogenesis. It has 

been shown that non- coding RNAs are vital to modulating transcriptional networks associated 

with neural development and function [7-10]. In the developing neural tube, the generation of 

motor neurons along the rostro- caudal axis is spatiotemporally orchestrated by set of morphogens 

such as Sonic Hedgehog (Shh) and Retinoic Acid (RA) [11]. Retinoic acid and Shh have a key 

role in specifying motor neurons in the central nervous system [12]. According to in-vitro studies, 

the administration of RA [13] and Shh [14] supports the differentiation of Wharton's jelly [15], 

bone marrow[16], olfactory mucosa [17] and chorion- derived [18] mesenchymal stem cells 

(MScs) into motor neuron-like cells. It appears that RA and Shh regulate how transcription factors 

are expressed, which are important to specifying motor neurons in the spinal cord, in a synergistic 

manner [12,13,18-20]. 

The molecular interactions downstream of retinoic acid and Shh signaling pathways are mostly 

unclear; however, it seems that posttranscriptional silencing carried out by microRNAs has a key 

role in the spatiotemporal regulation of neuronal specification [21]. The upregulation of 19 

miRNAs during neurogenesis in mouse and human cells subsequent to retinoic acid (RA) treatment 

indicated that their functions might be conserved in mammalian species [22,23].  

For example, miR-302 [24,25] and miR-124a [26] exhibited the opposite expression patterns in 

response to RA treatment at the beginning of neural differentiation [27] . Moreover, suppression 

of some microRNAs such as miR-17-3p by Shh, directs the differentiation of neuronal progenitors 

into motor neurons and decreases interneuron population [28]. 

In spite of many researches have been done in the field of neurogenesis, little is known about the 

role of miRNAs in neurogenesis process, as they have failed to portray a full dynamic profile for 

miRNA expression at the time of neurogenesis [6]. Moreover, despite the concerns of 

neuroscientists about the application of stem cells in neurogenesis, there is scant studies on how 

miRNAs regulate neural differentiation in stem cells. In this regard, studying on microRNA 

profiles of differentiating stem cells would be beneficial to identify the potent microRNAs play 

roles during neurogenesis.  
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The human Umbilical Cord Blood (UCB), which is a postpartum product, is recognized as a rich 

source of stem cells that can be used in regenerative medicine. UCB has a number of advantages 

over other sources of stem cell in regenerative medicine including convenient access, high amount 

of pluripotent cells, higher toleration across HLA barrier and slighter prevalence of graft- versus- 

host disease (GVHD) [29,30]. Human UCBs achieve Mesenchymal Stem Cells (MSCs) using their 

self- renewal features [31], immunomodulatory [32]and neural differentiation capacities, are 

known as suitable candidates for regeneration of lost cells in the central nervous system. In this 

regard, this study was conducted to examine the miRNA profile of motor neuron- like cells derived 

from human CB-MSCs after treatment with RA and Shh.  

 

Materials and Methods 

Cell Culture  

After gaining written informed consent from mothers, we gathered Human Cord Blood 

Mesenchymal Stem Cells (hCB-MSCs) from the umbilical vein of infants delivered by elective 

cesarean. The application of cells for this study was endorsed by the ethical committee of Iran 

University of Medical Sciences. Human CB- MSCs were isolated based on pre-defined protocols 

[33]. In short, we collected blood samples using a 50ml sterile syringe that contained 10µl of 

heparin and the results were transferred to the lab on an ice pack. 4 hours after collecting samples, 

red blood cells were removed by 1 ml of 10% Hydroxyethyl starch (Fresenius, Germany). In the 

next step, the supernatant was gathered and diluted in phosphate buffered saline (PBS), and then 

supplemented with 100 U/ml penicillin, 0.2% EDTA, 15% fetal bovine serum (FBS; Gibco, 

Germany) and 0.1 mg/ml streptomycin (Sigma, USA). After being centrifuged over Ficoll- 
Hypaque (ratio 1:3; Germany) at a rate of 1200 rpm for a period of 30 min, mononuclear cells 

were achieved, cleansed in PBS and then cultured in 75cm2 tissue culture flasks that contained 

DMEM-F12 accompanied with 100μg/ml streptomycin, 10% FBS and 100 U/ml penicillin (all 

purchased from Gibco, Germany). Flasks were placed in a dampened chamber at 37°C with 5% 

CO2. The medium was refreshed one week later. Then, at 70% confluence, new culture flasks were 

used to plate cells and the medium was changed every 3 days. The following experiments 

contained cells at passage 3.  

Characterization of Human CB-MSCs 

Mesenchymal stem cells were characterized using mono-color cytofluorimetric analysis according 

to our previous protocol [18,33]. To do so, we incubated 105 cells with 10% goat serum at a 

temperature of 4 °C. After 1h, the serum was withdrawn and incubation of cells was performed by 

phycoerythrin (PE)-conjugated monoclonal antibodies or fluorescein isothiocyanate (FITC) 

against human CD34, CD45, CD44, CD73, and CD90 (all from BD bioscience; cat#348057, 

cat#347463, cat#347943, cat#561014, cat#561970) at 4 °C for a period of 40 min. The control 
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consisted of isotype-matched antibodies. The expression of antigens was detected using Becton-

Dickinson flow cytometer and data analysis was carried out by FlowJo software. 

Differentiation into Motor neuron- like Cells 

The hCB-MSCs were inducted into motor neuron- like cells based on protocols defined in the 

previous step [16,33]. In short, 1×105 cells were seeded in each 24-well culture plate and incubated 

at dampened chamber overnight. In the next day, we replaced the expansion medium with the 

medium used prior to induction, which contained 20 % fetal bovine serum, DMEM-F12, 10 ng/ml 

of fibroblast growth factor (Sigma, USA), 250mM of isobutylmethylxanthine, 2% B27 (Gibco, 

Germany), and 100 mM of β-mercaptoethanol. We retained the cells in a dampened chamber 

overnight. On the next day, they were treated with the induction medium that contained DMEM-

F12 with 100 ng/ml supplementation of Sonic hedgehog (Shh; R&D, USA), 0.01 mM of all-trans 

Retinoic Acid (RA; Sigma, USA), 1 and 0.2 % B27 (Invitrogen, USA). After about a week, the 

medium was substituted with DMEM-F12, supplemented with 100 ng/ml of brain-derived 

neurotrophic factor (BDNF; Invitrogen, USA) and 0.2 % B27 for a period of one week.  

Immunostaining 

Immunostaining was carried out to identify the expression of related antigens. To do so, we fixed 

cells in 4% paraformaldehyde after two weeks. Following the cell permeabilization by 0.2 % 

Triton X-100 in PBS (Gibco, Germany) at room temperature, we washed cells by PBS and used 

10% goat serum for their incubation at room temperature for a period of 60 min. Later, samples 

were incubated with primary antibodies against human ChAT (Abcam, USA), Nestin (Chemicon, 

USA), SMI-32 (Abcam, USA) and Islet-1(Santacruz, USA) at 4°C. In the next step, we washed 

cells with PBS and conducted incubation using the matching phycoerythrin (PE) or fluorescin 

isotiocyanate (FITC)- conjugated secondary antibodies (Sigma, USA) for a period of 45 min at 37 

°C. Finally, the nuclei stained was performed by DAPI (Sigma, USA) and a Olympus DP70 

fluorescent microscope was used to observe cells [34]. 

Flowcytometric Analysis 

The expressions of Islet-1, Nestin, ChAT and SMI-32 proteins were detected by FACS Calibur 

flow cytometer (BD BioSciences) 14 days after induction. The calibur flow cytometer was also 

employed to identify how these proteins are expressed. In this context, we defined positive 

expression as a fluorescence level above 95% compared to the one measured by corresponding 

isotype-matched control antibody. Data was analyzed by Flowjo software. 

RNA Extraction, Construction and Sequencing of Small RNA Libraries 

The RNA extraction kit was used to extract total RNA from 5×106 cells (SV total RNA isolation 

system; USA) as explained in the instructions provided by the manufacturer. Genomic DNA was 

withdrawn after incubation for 15 min at a temperature of 37°C using RNase-Free DNase 

(TaKaRa, Otsu, Japan), which was followed by an RNA Clean Purification Kit (BioTeke, Beijing, 

China). To assess the quality and integrity of RNAs, Agilent 2100 Bioanalyzer was utilized. After 



6 

 

obtaining similar quantity of total RNA from a control and two test groups, the samples were 

pooled to create a small-RNA library. The purification of total RNA was conducted by the 

electrophoretic separation on a 15% denaturing polyacrylamide gel, followed by excision and 

recovery of small RNA regions (15 to 30 nucleotide bands). In the next step, we ligated a sequence 

of proprietary (Solexa) adapters to the 5′- and 3′-termini of these small RNAs. We converted gel 

purified products of ligation into DNA and the outcome was amplified by RT-PCR with 15 PCR 

cycles to create libraries. They were then sequenced by a Solexa sequencer at Beijing Genomics 

Institute (BGI), Hong Kong.   

 

Prediction of Conserved and Novel miRNAs 

Extensive raw sequences were collected from high-throughput sequencing. Following the removal 

of impure sequences (adaptor reads, low-quality reads, and reads that were less than 18 or more 

than 30 in length), we queried unique reads against non-coding RNAs such as rRNAs, tRNAs, 

small nucleolar RNAs (snoRNAs) and small nuclear RNAs (snRNAs) in the Rfam 

(http://www.sanger.ac.uk/Software/Rfam) and NCBI GenBank 

(http://www.ncbi.nih.gov/GenBank/) databases. The rest of unique reads were utilized as a 

nucleotide–nucleotide Basic Local Alignment Search Tool (BLASTn) search in the miRNA 

database (miRBase 20.0) to detect preserved miRNAs. A maximum of two mismatches was 

allowed. The Mireap software (https://sourceforge.net/projects/mireap/) was employed to detect 

novel miRNAs with the aim of predicting novel miRNAs from the rest of unknown sRNAs. Basic 

criteria were adopted to screen the potential novel miRNAs. We used Mfold 

(http://mfold.rna.albany.edu/?q=mfold/RNA-Folding-Form) to construct the stem–loop structures 

of putative pre-miRNAs. In the case that a complete stem-loop structure was formed; the sRNA 

sequence could be landed at a stem arm together with other ensuing criteria. Thus, this sRNA was 

considered as a new miRNA.  

miRNA Target Genes Prediction and Functional Annotation 

The miRanda program was adopted to predict target genes of miRNAs. Candidate targets consisted 

of BLASTn hits that had less than four mismatches. To predict the functions of candidate targets 

by BLASTX, the NCBI database and target sequences were utilized. The enrichment analysis of 

gene ontology (GO) (http://www.geneontology.org/) was employed for functional annotation of 

candidate target gene of miRNAs. To detect remarkably enriched signal transduction or metabolic 

pathways in target gene candidates and compare them with the whole reference gene background, 

we employed Kyoto Encyclopedia of Gene and Genome (KEGG) pathway database 

(http://www.kegg.jp/kegg/). The pathway analysis shed further light on biological functions of 

target genes. 

Pattern of Expression and Cluster Analysis 

http://www.sanger.ac.uk/Software/Rfam
http://www.ncbi.nih.gov/GenBank/
https://sourceforge.net/projects/mireap/
http://mfold.rna.albany.edu/?q=mfold/RNA-Folding-Form
http://www.geneontology.org/
http://www.kegg.jp/kegg/
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We analyzed the reads of conserved and novel miRNAs derived from the three libraries to 

understand the responsive miRNAs in test groups. We computed the normalized read count using 

the formula below:  

Normalized read count = (actual miRNA count of reads ∕ total count of clean reads) × 1 000 000 

Moreover, we calculated the expression fold-change by the formula below: 

Fold change = log2 (A ∕ B) 

Where A and B represent the normalized read count of a miRNA in A and B libraries.  

We used the following formula to compute the P value: 

 𝑝(𝑥│𝑦) = (𝑁2𝑁1) (𝑥 + 𝑦)!𝑥! 𝑦! (1 + 𝑁2𝑁1)(𝑥+𝑦+1) 
 

𝐶(𝑦 ≤ 𝑦𝑚𝑖𝑛│𝑥) = ∑ 𝑝(𝑦│𝑥)𝑦≤𝑦𝑚𝑖𝑛
𝑦=0  

 

𝐷(𝑦 ≥ 𝑦𝑚𝑎𝑥│𝑥) = ∑ 𝑝(𝑦│𝑥)𝛼
𝑦≥𝑦𝑚𝑎𝑥  

 

In the case that miRNA had no read in the library, the normalized read count of this miRNA was 

randomly set at 0.01 for more computations. when the expression level of a miRNA was below 

20 reads, the difference analysis was abandoned. The hierarchical cluster analysis was conducted 

by CLUSTER 3.0 (http://rana.lbl.gov/EisenSoftware.htm) and the TREEVIEW software. 

miRNA Verification by Q-RT PCR   

The real-time PCR was conducted to assess the expression of some novel and conserved miRNAs 

that were randomly selected. We extracted total RNA from control and test groups by the RNA 

extraction kit (SV total RNA isolation system; USA). We removed Genomic DNA after incubation 

for 15 min at a temperature of 37°C with RNase-Free DNase (TaKaRa, Otsu, Japan), which was 

later followed by an RNA Clean Purification Kit (BioTeke, Beijing, China). The reverse 

transcription and qPCR reactions were performed by DNase-treated RNA samples. With a total 

volume of 20 μL, the reactions contained 0.8 μL of each primer, 2.0 μL of diluted cDNA and 10 

μL of SYBR Green Mix with this cycling profile: at 95°C for 30 s; accompanied with 40 cycles at 

95°C for 5 s, 60°C for 20 s. The specific amplification was verified by melting curve analysis (61 
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cycles at 65°C for 10 s). QRT-PCR was performed in 7500 real-time PCR system (Applied 

Biosystems, USA). A triplicate processing of each sample was conducted and 5S rRNA was 

adopted as an internal control. The qRT-PCR primers are depicted in Table 1. 

Results  

Isolation of Mesenchymal Stem Cells (MSCs) from Human Cord Blood (CB) 

The isolated MSCs taken from human cord blood had spindle-like morphology throughout 

subsequent subcultures at passage three (Figure 1a). These cells were able to express CD44, 

CD73, and CD90 markers on their surfaces, but they could not express hematopoietic antigens; 

such as CD45 and CD34 (Figure 1b).  

Expression of Motor Neuron- related Markers  

CB-MSCs treated with RA and Shh expressed motor neuron- related markers including Islet-1 and 

ChAT. A slight expression of SMI-32 was also detected after immunocytochemical staining 

(Figure 2a). Cytofluorimetric analyses suggested that after inducing cells with RA and Shh, they 

could express Islet-1 (20.66±1.03%), ChAT(42.33±2.41%) and SMI-32 (15.8±3.26%) remarkably 

(Figure 2b).  

Deep Sequencing of Small RNA Libraries 

Using HiSeq 2500 (Illumina’s sequencing platform), which is the next-generation sequencing 

technology, a total of 36202750 reads were achieved from the three sRNA libraries (Table 2). 

After filtering adaptors, low-quantity reads and poly(A) < 18 or > 30 in length, 33714015 reads 

remained, which were grouped in accordance with their redundancy in order to detect unique (non-

redundant) sequences. The results showed that over 50% of sequences were 20 to 24 nt in length 

(Figure 3). Compared to other sequences in three libraries, the 22-nt and 23-nt sRNAs were 

significantly larger. The control and treatment groups had similar length distributions of small 

RNAs. The total number of sRNA reads derived from all three source libraries were identical, 

ranging from 12019568 (Test 1) to 11138629 (Control). It indicates that the indexed sequencing 

strategy had failed to generate a significant bias in source libraries. 

In all libraries, unannotated sRNAs, rRNAs, miRNAs and tRNAs have most of the reads in total 

small RNAs (Table 3); while in unique small RNA sequences, unannotated sRNAs, rRNAs, exon- 

sense RNAs and tRNAs are the most abundant reads in all three libraries. 

The small RNAs were also divided into various categories by conducting BLAST search against 

Rfam. Noncoding RNAs; including unannotated RNAs, rRNAs and tRNAs were the most copious 

total and unique small RNAs, respectively. Categories of small RNAs were similar in our three 

investigated libraries. In addition, analyzing the first nucleotide (which was 18–23 nt long) sRNAs 

suggested that most sRNAs, especially 20 and 22, started with uridine (U) at their 5’-ends (Figure 

4). 

Identification of Conserved miRNAs 
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The majority of conserved miRNAs were associated with 22-nt and 23-nt sequences. The 21-nt, 

and 24-nt miRNAs were detected in several conserved miRNA families, though they were in 

general less frequent than the 22-nt and 23-nt miRNAs. In order to detect conserved miRNAs in 

Control, Test 1 and Test 2 libraries, we searched all unique sRNA sequences by aligning them 

against the known miRNA database in miRBase 21. A total number of 770, 749 and 659 

microRNAs were found in Control, Test 1 and Test 2 libraries, respectively. From these miRNAs, 

127, 126 and 112 unique miRNAs were detected in each group, respectively(Supplementary Data 

1). Some miRNAs demonstrated extremely low expression levels at the libraries with an actual 

read count of less than 10 (i.e. hsa-miR-98-3p, hsa-miR-200b-5p and hsa-miR-150-5p, etc.). These 

low-expression miRNAs were not used for further expression analysis. The read counts were 

different in 328 known miRNAs. The miRNAs in the three libraries belonged to 56 conserved 

families. Overall, 466, 452 and 400 miRNA families were identified in Control, Test1 and Test2, 

respectively (Supplementary Data 2). Several families such as hsa-let-7, hsa-miR-21and hsa-

miR-30, were relatively abundant, whereas other families were less frequent. In total, 75, 60 and 

26 miRNA families were only detected in Control, Test 1 and Test 2, respectively (Figure 5). 

Moreover, 317 families were common in all of these three libraries, while 336 miRNA families 

were common between Test 1 and Test 2 groups. The miRNAs length and the distributions of 

nucleotide preference were exhibited in Figure 4. Most miRNAs usually started with 5ʹ-U and not 

with 5ʹ-G, which is in agreement with common mammalian miRNA sequence patterns. 

Identification of Novel miRNAs 

In order to detect new miRNA sequences, we searched all unannotated small RNAs against human 

genome sequence. For this purpose, strict criteria were used to detect the potential new miRNA 

loci by the mRDeep program. It was possible to fold all precursors of the predicted new miRNAs 

in step-loop structures. After eliminating low-expression miRNAs (with an actual count of reads 

<10), we were able to predict a total of 77 potential novel miRNAs in the three libraries (Table 4). 

Of this figure, 13, 24 and 27 unique sequences were identified as novel miRNAs in the Control, 

Test 1 and Test 2 libraries, respectively. The novel miRNA sequences were 20 to 23 nt in length. 

The most abundant sequence was 21 nt reads.   

Prediction and Annotation of miRNA Target Genes 

We predicted the putative targets of the conserved and novel miRNAs by the miRanda program 

and then the functions of conserved and novel miRNAs were predicted. In order to evaluate 

possible functions of miRNA target genes, we carried out GO analysis. The miRNAs targets 

detected here were predicted based on human genome sequence. A great number of target positions 

were predicted for known conserved miRNAs in the sequencing libraries. A total of 621, 624 and 

562 potential target genes for conserved miRNAs and 16, 39 and 38 potential target genes for 

novel miRNAs were identified in Control, Test 1 and Test 2 groups, respectively (Table 5). The 

number of miRNAs with different expressions and their targets are also listed in Table 6. The 

predicted targets of the conserved and novel miRNAs were included in cellular component, 

biological process, and molecular function. Many miRNAs had more than one predicted target 
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site. Target genes of conserved and novel miRNAs were categorized in 23, 17 and 14 classes as 

cellular component, biological process, and molecular function, respectively. The most over-

represented GO terms in the biological process were cellular process, single-organism process and 

metabolic process, respectively. Moreover, in the cellular component, the most over-expressed GO 

terms were in cell, cell part and organelle classes. Binding and catalytic activities were classes in 

which most miRNAs were represented in molecular function superclass (Figure 6, 

Supplementary Data 3). The KEGG pathway analysis was also conducted to explore biological 

interpretation of the target genes. Total of 308 different pathways for conserved and novel miRNA 

target genes were found, among which six pathways including cholinergic synapse, hedgehog, 

JAK-STAT, axon guidance, TGF-beta and MAPK signaling pathways were selected as model 

signaling pathways (Supplementary Data 4). They played a role in motor neuron differentiation 

in human development. The most abundant target genes annotated with 6 selected pathways, which 

were differentially expressed in Control vs. Test 1, Control vs. Test 2 and Test 1 vs. Test 2 groups 

are listed in Table 7.  

Differential Expression of miRNAs in Different Libraries 

In order to find the differentially regulated miRNAs in Control, Test 1 and Test 2 groups, the reads 

of known and novel miRNA sequences were compared in the three libraries. Drawing on the 

number of reads counted by high-throughput sequencing, we compared the expression levels of 

conserved (Figure 7A) and new (Figure 7B) miRNAs in these libraries. The number of certain 

miRNAs was significantly different between the three libraries( Supplementary Data 5). 

Overall, 111, 128, and 239 conserved miRNAs had different expressions in Control vs. Test 1, 

Control vs. Test 2 and Test 1 vs. Test 2, respectively. A comparison of miRNA expression profile 

in Test 1 with control showed that 10 miRNAs were downregulated.  For example, hsa- miR- 

449c-5p and hsa-miRNA- 1249- 3p were upregulated, whereas hsa- miR-335- 3p and hsa-miR-

335-5p were downregulated significantly.  

When the miRNA expression profile in Test 2 was compared with Control, the data showed that 

numbers of 106 miRNAs were downregulated.  For example, hsa- miR- 149-3p, hsa-miR-3940-

3p and hsa-miRNA- 6511- 5p were downregulated, whereas hsa-miR-619-5p and hsa- miR-3687 

were upregulated significantly. A comparison of the expression profile of Test1 group with Test 2 

revealed that 230 miRNAs was downregulated and 9 miRNAs such as hsa- miR-612, hsa-miR-

4683 and hsa-miR-3687 was upregulated. 

Overall, 32, 35, and 41 novel miRNAs had different expressions in Control vs. Test 1, Control vs. 

Test 2 and Test 1 vs. Test 2, respectively. A comparison of miRNA expression profile in Test 1 

with control showed that 27 miRNAs were upregulated.  For example, novel- mir- 17, 18 and 20 

were upregulated, whereas novel-mir-1 and novel-mir-2 were downregulated significantly.  

A comparison of miRNA expression profile in Test 2 with Control suggested that 30 miRNAs was 

upregulated. For example, novel-mir-2, 3 and 6 were downregulated, whereas novel- mir- 18, 19 

and 20 were upregulated significantly.   
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By comparing the expression profile of Test1 group with Test 2, it was revealed that number of 21 

miRNAs was downregulated; while 20 others were upregulated. MiRNAs such as novel-mir-1, 

novel-mir-52 and novel-mir-53 were upregulated.  

Q-PCR Analysis of miRNA Expression Following Induction 

The expression levels of 6 conserved miRNAs and 6 new miRNAs in Control, Test1 and Test 2 

groups were validated and measured by Q-PCR technique. We identified all randomly chosen 

miRNAs in Control and/or Test 1 and/or Test 2 groups by high-throughput sequencing. According 

to the Q-PCR analysis, all tested miRNAs were identified in the groups (Figure 8). These miRNAs 

had varying expression levels. The results of our qRT-PCR analysis suggested that the expression 

levels of new miRNAs were different from the control and the test groups. These novel miRNAs 

were found to have Ct value ranging from 34.65±1.68 to 74.56±3.24. To verify and measure the 

differential expression levels of miRNAs, the qRT-PCR analysis was undertaken. The proposed 

known and novel miRNAs exhibited both significant and insignificant expression differences in 

the three libraries. Our qRT-PCR results suggested that hsa- mir- let7i-5p, hsa- mir- 146a-5p, hsa- 

mir- 328-3p hsa- mir- 663a-5p, novel-mir-1, novel-mir-4 and novel-mir-17 as well as novel-mir-

53 revealed expression patterns comparable to those illustrated by our high-throughput sequencing 

analysis. The expression levels of hsa-mir-432-5p, hsa-mir-335-3p, novel-mir-2 and novel-mir-21 

differed from our sequencing outcomes as a result of sequencing error or other unknown reasons. 

Discussion 

MicroRNAs have been known to be the most important regulatory molecule involved in 

neurogenesis. Despite the bulk of studies that suggest the inhibition of microRNA biogenesis 

results in inappropriate neurulation, the biology of miRNAs during neuronal differentiation is 

poorly understood. Little is known about the role of miRNAs in the process of motor neuron 

development. The previous studies have failed to capture the full dynamic profile of miRNA 

expression during neurogenesis. In this regard, this study was undertaken to examine the miRNA 

profile of differentiating human umbilical cord blood mesenchymal stem cells (hUCB-MSCs) 

during differentiation into motor neuron- like cells using retinoic acid and sonic hedgehog via a 

three- step protocol. At phase I, cells were induced with isobutylmethylxanthine and β-

mercaptoethanol. At phase II, RA and Shh were used synergistically to mimic the development of 

neural tube roastrocaudally (by RA) and dorso- ventrally (by Shh). At phase III, the differentiating 

cells were induced by neurotrophic factors such as BDNF [35-37]. 

According to the results, we were able to detect the expression of neural and motor neuron related 

markers, such as Islet-1, Nestin, Pax-6, Hb-9, and ChAT along with SMI-32 using real-time PCR 

7 and 14 days after induction compared with non- treated mesenchymal stem cells. We also 

managed to detect the expression of Nestin, SMI-32, Islet-1 and ChAT at the level of protein using 

immunocytochemistry and flowcytometry. To investigate the miRNA profile of differentiating 

cells, three small RNA libraries were provided from the following groups: Test 1 (cells at the onset 
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of induction with RA and Shh), Test 2 (cells after induction with RA and Shh and at the onset of 

induction with BDNF) and the Control (non- treated mesenchymal stem cells). 

The relationship between microRNAs and neurogenesis has been shown extensively in the 

literature. Non- coding RNAs play a prominent role in regulation of transcription networks in the 

development of neural system. About 500 miRNA genes with various target mRNAs have been 

identified in humans and mice. Recognition of these miRNAs will shed further light on 

neurogenesis. 

In the present study, we were able to detect the expression of hsa-mir-9-5p after induction with 

RA and Shh (Test 1). However, the expression of this miRNA dropped significantly at Test 2. Mir-

9 was known to be a highly conserved miRNA in the central nervous system. This miRNA 

regulates the normal development of the brain [38]. Mir-9-3p and mir-9-5p are involved in normal 

development of the central nervous system by striking a  balance between differentiation and self- 

renewal of neural stem cells[39]. Mir-9 affects the expression of TLX in neural stem cells [40]. 

The expression of TLX is constrained during differentiation of neural stem cells while the 

expression of mir-9 increases at the same time. On the other hand, by regulating the expression of 

Onecut transcription factor, mir-9 controls the differentiation of early motor neurons into mature 

motor neurons. Moreover, Onecut supports the expression of Islet-1 and LMCms. The interaction 

of Islet-1 and another transcription factor, Lhx1, supports the formation of lateral LMCs.  

The development of Lhx1p LMC depends on retinoic acid secreted from LMCms [41]. Regulatory 

networks in the downstream of retinoic acid and the upstream of Islet-1/Lhx1 are currently 

unknown. FoxP1 is another transcription factor involved in preganglionic and lateral motor 

neurons. Mir-9 controls motor neuron formation by regulating the level of FoxP1 expression [42]. 

Our results also showed a significant upregulation of mir-let7b in Test 1 and Test 2 groups in 

comparison with the Control. The upregulation of mir- let7b suppresses the proliferation of neural 

stem cells and induces neural differentiation. This microRNA targets TLX, a nuclear receptor and 

its effector cyclinD1, to control the proliferation and differentiation of neural stem cells. In the 

brain of old adults, mir- let7b reduces the self-renewal properties of neural progenitor cells [43] 

cells into neurons or glial cells by regulating the expression of HMGA2 and HES5 in the notch 

signaling pathway. 

We could also identify the upregulation of mir-324-5p in Test 1 group in the presence of Shh as 

an inducing factor. This miRNA target Gli-1 as a member of Shh signaling pathway [44]. 

Our results showed a significant upregulation in the expression mir-137 in Test 2 group when cells 

were treated with BDNF. According to previous reports, mir- 137 regulates the maturation of 

neurons. The upregulation of this miRNA suppresses the morphogenesis of dendrites, cellular 

phenotypes, and the development of spinal cord and early neural cells. Mir-137 regulates the 

expression of an ubiquitin ligase called Mind Bomb-1[45]. It also targets H3K27 in Ezh2 

methyltransferase to control the proliferation and differentiation of neural progenitor cells in 

adults. It seems that mir- 137 is involved in regulating the maturation of neurogenesis in 
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hippocampus. We also managed to detect the expression of mir-132 in Test 2. This miRNA is 

expressed in neurons but not in astrocytes or neural progenitor cells. Similar to mir- 137, mir- 132 

is prevalent in dendrites. Unlike Mir- 137, mir- 132 reduces the volume of the spine [46]. 

In this study, some novel microRNAs were detected exclusively in one group or shared between 

other groups. For example, mirs-3, 8, 13 were expressed in the Control, Test 1 and Test 2, 

respectively. Eight miRNAs were common only in Test 1 and Test 2 groups.  

We also investigated four candid signaling pathways involved in neurogenesis including 

acetylcholine signaling pathway, hedgehog signaling pathways, Jak-Stat signaling pathway and 

MAP kinase pathway. The results showed the expression of miRNAs involved in acetylcholine 

pathway after neural induction in Test 1 and Test 2 groups compared with the Control. Novel 

miRNAs related to Hh signaling pathway were upregulated in Test 1 group when compared with 

Test 2 group, probably due to the presence of Shh in the induction medium of Test 1 group.  

In Jak-STAT signaling pathway, some novel miRNAs were upregulated in Test 2 group when 

the results were compared with the Control and Test 1 group. 

In MAP kinase pathway, some novel miRNAs were found in test groups when compared with 

non- treated mesenchymal stem cells. 

Conclusions 

Our results suggested that CB-MSCs are potent enough to express motor neuron-related markers 

at m- RNA level and proteins in the presence of sonic hedgehog and retinoic acid. On the other 

hand, the analysis of miRNA profile of these motor neuron- like cells showed a significant 

upregulation in the expression of mir-9, mir-let7b, mir-137 and mir-324-5p, which are involved in 

neural differentiation and neuron/motor neuron maturation. Moreover, some novel microRNAs 

involved in cholinergic, hedgehog, MAP kinase and JAK-STAT signaling pathways were also 

detected in the test groups. However, further studies are required to validate their functions in 

mechanisms related to motor neuron differentiation and maturation.   
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Figure legends 

Figure 1. Characterization of isolated human CB-MSCs. (a) Cells with a fibroblast-like 

morphology are shown (magnification 10X). (b) Cytofluorimetric analysis showed that cells 

could express mesenchymal stem cell markers such as CD44, CD73, and CD90, while they 

turned out to be negative for hematopoietic markers like CD34 and CD45. 

 

Figure 2. CB- MSCs after differentiation into motor quasi-neuron cells using RA and Shh. (a) 

The cells could express motor neuron- related markers such as ChAT, SMI-32 and Islet-1. A 

slight expression of SMI-32 was also detected after immunocytochemical staining (a; scale bar: 

50µm). (b) Cytofluorimetric analyses revealed that 42.33±2.41%, 15.8±3.26% and  20.66±1.03% 

of cells could express ChAT, SMI-32 and Islet-1, respectively(b).  
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Figure 3. The distribution of Size in sequenced small RNAs at all three libraries. CTRL: Small 
RNA library built from CB- MSCs under the control condition. Test 1: small RNA library 
derived from CB-MSCs treated with RA and Shh. Test 2: small RNA library obtained from Test1 
cells treated with a surviving factor, BDNF.  
 

Figure 4. First nucleotide bias of the conserved and novel miRNAs at the three libraries. From 

up to down: Control, Test1 and Test 2. 

 

Figure 5. Identification of conserved miRNAs. Overall. 75, 60 and 26 miRNA families were 

only detected in Control, Test 1 and Test 2, respectively. 

 

Figure 6. miRNA target genes prediction and annotation. Target genes of conserved (a) and 

novel(b) miRNAs were categorized in 23, 17 and 14 classes as cellular component, biological 

process and molecular function, respectively. The most over-represented GO terms in the 

biological process were cellular process, single organism process and metabolic process. In the 

cellular component, however, the most over-expressed GO terms were in cell, cell part and 

organelle classes. Binding and catalytic activities were classes in which most of miRNAs were 

expressed in molecular function superclass.  

 

Figure 7. Differential expression of miRNAs. According to the number of reads counted by 

high-throughput sequencing, a comparison was drawn between the expression levels of 

conserved (a) and new (b) miRNAs at the three libraries.  

 

Figure 8. Q-PCR analysis of miRNA expression. Q-PCR technique was used to verify and 

measure the expression levels of six conserved miRNAs and six novel miRNAs in Control, Test1 

and Test 2 groups. 
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Figures

Figure 1

Characterization of isolated human CB-MSCs. (a) Cells with a �broblast-like morphology are shown
(magni�cation 10X). (b) Cyto�uorimetric analysis showed that cells could express mesenchymal stem
cell markers such as CD44, CD73, and CD90, while they turned out to be negative for hematopoietic
markers like CD34 and CD45.



Figure 2

CB- MSCs after differentiation into motor quasi-neuron cells using RA and Shh. (a) The cells could
express motor neuron- related markers such as ChAT, SMI-32 and Islet-1. A slight expression of SMI-32
was also detected after immunocytochemical staining (a; scale bar: 50µm). (b) Cyto�uorimetric analyses
revealed that 42.33±2.41%, 15.8±3.26% and 20.66±1.03% of cells could express ChAT, SMI-32 and Islet-1,
respectively(b).



Figure 3

The distribution of Size in sequenced small RNAs at all three libraries. CTRL: Small RNA library built from
CB- MSCs under the control condition. Test 1: small RNA library derived from CB-MSCs treated with RA
and Shh. Test 2: small RNA library obtained from Test1 cells treated with a surviving factor, BDNF.



Figure 4

First nucleotide bias of the conserved and novel miRNAs at the three libraries. From up to down: Control,
Test1 and Test 2.



Figure 5

Identi�cation of conserved miRNAs. Overall. 75, 60 and 26 miRNA families were only detected in Control,
Test 1 and Test 2, respectively.



Figure 6

miRNA target genes prediction and annotation. Target genes of conserved (a) and novel(b) miRNAs were
categorized in 23, 17 and 14 classes as cellular component, biological process and molecular function,
respectively. The most over-represented GO terms in the biological process were cellular process, single
organism process and metabolic process. In the cellular component, however, the most over-expressed



GO terms were in cell, cell part and organelle classes. Binding and catalytic activities were classes in
which most of miRNAs were expressed in molecular function superclass.

Figure 7

Differential expression of miRNAs. According to the number of reads counted by high-throughput
sequencing, a comparison was drawn between the expression levels of conserved (a) and new (b)
miRNAs at the three libraries.



Figure 8

Q-PCR analysis of miRNA expression. Q-PCR technique was used to verify and measure the expression
levels of six conserved miRNAs and six novel miRNAs in Control, Test1 and Test 2 groups.
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