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A B S T R A C T  

Spinal muscular atrophy (SMA) is an autosomal recessive neuromuscular disorder due to deletion or mutation of survival motor neuron 1 
(SMN1) gene. Although survival motor neuron 2 (SMN2) gene is still present in SMA patients, the production of full-length survival motor 
neuron (SMN) protein is insufficient owing to missing or mutated SMN1. No current disease-modifying therapies can cure SMA. The aim 
of this study was to explore microRNA (miRNA)-based therapies that may serve as a potential target for therapeutic intervention in delay-
ing SMA progression or as treatment. The study screened for potentially dysregulated miRNAs in SMA fibroblast-derived iPSCs using 
miRNA microarray. Results from the miRNA microarray were validated using quantitative reverse transcription polymerase chain reaction. 
Bioinformatics analysis using various databases was performed to predict the potential putative gene targeted by hsa-miR-663a. The findings 
showed differential expression of hsa-miR-663a in SMA patients in relation to a healthy control. Bioinformatics analysis identified GNG7, 
IGF2, and TNN genes that were targeted by hsa-miR-663a to be involved in the PI3K-AKT pathway, which may be associated with disease 
progression in SMA. Thus, this study suggests the potential role of hsa-miR-663a as therapeutic target for the treatment of SMA patients in 
the near future.

K E Y W O R D S :  hsa-miR-663a; microarray; microRNA, PI3K-AKT pathway; spinal muscular atrophy. 

I N T R O D U C T I O N
Spinal muscular atrophy (SMA) is the leading genetic cause of 
infant mortality and the most frequent autosomal recessive 
genetic disorder after cystic fibrosis. Although rare, this neuro-
muscular disease primarily affects children.1 It causes progres-
sive proximal muscle weakness and atrophy, which is due to 
alpha neuron degeneration and irreversible loss in the spinal 
cord anterior horn.2 Mutation or deletion of the survival 
motor neuron 1 (SMN1) gene has been identified as the 
major contributor to this devastating disease.3,4 The SMN 
protein, which is present in both neurons and non-neuronal 
cells is required for normal development and functional 
homeostasis in almost all species.5,6

There are two SMN genes in humans: (i) SMN1 or telo-
meric form is crucial for the production of a multifunctional 
protein, which is known as full-length SMN or FL-SMN, and 
(ii) SMN2 centromeric form which is a homologous pseudo-
gene. SMN2 produces about 90% truncated proteins that rap-
idly degrade (SMNΔ7) due to the alternative splicing of C  to 
T transition in exon 7.3 The degree of SMA severity is highly 
variable and the clinical features can be subdivided into five 
main types (Type 0 to Type IV), from floppy infant to mild 
adulthood weakness classified based on age of onset, maxi-
mum motor function and life expectancy.7 Interestingly, the 
severity of SMA correlates inversely with the SMN protein lev-
els and the SMN2 copy number.8
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Recognizing both the individual and societal burden of 
SMA patients, the need for an effective treatment strategy is 
essential. At present, three medications were approved by the 
United States Food and Drug Administration, ie Nusinersen 
(approved in December 2016), Zolgensma (approved in May 
2019), and Evrysdi (approved in August 2020), as treatment 
options for SMA patients. These therapies are limited due to 
their high cost, side effects, and invasive route of administra-
tion.9 Hence, there is a need to explore new biomarkers that 
are associated with SMA disease processes potential therapeu-
tic targets for future studies that involve follow-up of SMA 
patients.10 This entails a shift in the research focus to the field 
of epigenetics, particularly miRNAs, that could be a potential 
therapeutic approach to address the needs of all SMA 
patients.11,12

MicroRNAs (miRNAs or miRs) belong to a class of small 
endogenous noncoding single-strand RNAs that are approxi-
mately 19-22 nucleotides long and play important roles in 
post-transcriptional regulation of gene expression.13 miRNAs 
are known to regulate production of protein in the cell cyto-
plasm by causing either target mRNAs’ degradation and/or 
inhibiting their translation.14 As only partial complementarity 
is required for a miRNA-mRNA interactions to occur, a single 
miRNA can potentially regulate thousands of mRNAs.15

Changes in miRNA expression could greatly alter the tran-
scriptomic landscape and influence mRNA expression and 
pathways/processes including those in SMA.16,17 Intriguingly, 
some studies have reported that miRNAs may induce as well 
as negatively regulate gene expression.18

Emerging reports indicate that aberrant miRNA expression 
can greatly contribute to pathogenic mechanisms of SMA.19,20

However, the role of miRNAs in SMA type I using induced 
pluripotent stem cells (iPSCs) model and their target genes 
remains largely unexplored. Disease modeling with iPSCs are 
useful for better understanding of diseases and their progres-
sion because of their potential to differentiate into any type of 
cell lineage.21 This study focuses on the examination of iPSCs 
over iPSC-derived neurons in order to gain insights into the 
broader molecular mechanisms underlying SMA. The selec-
tion of using iPSCs cell line allows exploration of molecular 
dysregulations at a more comprehensive level, encompassing 
various cell types present in the iPSC population, including 
motor neurons and supporting cells.

The main objectives of this study were to determine the dif-
ferential expression of miRNAs between SMA iPSCs and 
healthy control iPSC and to investigate their potential roles in 
the molecular mechanisms of SMA. By leveraging state-of-the- 
art molecular and computational approaches including 
miRNA microarray and bioinformatics analysis, this study pro-
vides novel insights into the regulatory networks controlled by 
dysregulated miRNAs in SMA. This will not only enhance our 
understanding of the disease mechanisms but also pave the 
way for the development of potential therapeutic interventions 
targeting miRNA-mediated pathways. Therefore, this informa-
tion is essential for the development of miRNA-based thera-
pies for SMA as it provides a theoretical foundation on the 
dynamics of gene regulation especially via miRNA activity.

M E T H O D S
Fibroblast-derived iPSC lines

Two fibroblast-derived iPSC lines from different SMA Type 1 
patients (CS77iSMA-nxx and CS32iSMA-nxx) were pur-
chased from Cedar Sinai Biomanufacturing Center, United 
States. Both the SMA human fibroblast-derived iPSCs 
(CS77iSMA-nxx and CS32iSMA-nxx) were karyotyped and 
tested routinely for mycoplasma. Information can be obtained 
from the links as SMA human fibroblast-derived iPSCs 
(CS77iSMA-nxx) (https://biomanufacturing.cedars-sinai.org/ 
product/cs77isma-nxx/) and SMA human fibroblast-derived 
iPSCs (CS32iSMA-nxx) (https://biomanufacturing.cedars- 
sinai.org/product/cs32isma-nxx/).

A fibroblast-derived iPSC line from a clinically normal 
donor (NHDF-iPSCs) was kindly provided by collaborator 
from Universiti Tunku Abdul Rahman (UTAR), Malaysia.22

The CS77iSMA-nxx and CS32iSMA-nxx iPSC lines were cul-
tured according to the manufacturer’s instructions in mTeSR1 
(STEMCELL Technologies, Vancouver, Canada) on hESC- 
qualified Corning Matrigel coating (Corning, Corning, NY, 
United States). The NHDF-iPSCs were maintained in Essen-
tial 8 Flex Medium (Gibco, Waltham, MA, United States) on 
Vitronectin coating (Gibco, United States).22 Before passaging 
the colonies, all the differentiated colonies were carefully 
removed in sterile conditions. The iPSCs were split every 5 to 
7 days. About 70%-90% of confluent human iPSC colonies 
were detached using the manual passaging method 
(CS77iSMA-nxx), ReLeSR (CS32iSMA-nxx) (STEMCELL 
Technologies, Canada), and Versene (NHDF-iPSCs) (Gibco, 
United States). All the cell lines were maintained under a 
humidified 5% CO2 incubation at 37 �C. Culture medium was 
replaced daily to maintain undifferentiated state of the iPSCs.

RNA extraction
Total RNA from the cells was isolated using Hybrid-R 
(GeneAll, Korea) according to the manufacturer’s protocols. 
Subsequently, the concentration and purity of the isolated 
RNA were quantified using Nanodrop spectrophotometer 
(PCRmax Lambda, United Kingdom) by measuring A260/ 
A280 value. The integrity of RNA was assessed using agarose 
gel electrophoresis. Further validation of RNA integrity was 
performed using Agilent 2100 Bioanalyzer (Agilent Technolo-
gies Inc., Santa Clara, CA, United States) to determine the 
RNA integrity number (RIN) and presence of small RNA. 
The extracted sample RIN values of ≥9.0 and the ratio 
miRNA ranging 1%-3% were used in this experiment. The 
total RNA was stored at −80 �C for further analysis.

miRNA microarray and data analysis
In order to identify differential expression of miRNA between 
SMA patients (n¼ 4 for CS32iSMA-nxx and n¼ 3 for 
CS77iSMA-nxx) and control cell lines (n¼ 3 for NHDF- 
iPSCs), miRNA microarray analysis was carried out. All gene 
array data are available through Gene Expression Omnibus 
(GEO) accession number, GSE219262. The Agilent array was 
designed with 8 identical arrays per slide (8 × 60K format) 
(Design ID: 070156). Briefly, total 50 ng RNA was dephos-
phorylated, ligated with pCp-Cy3, and the labeled RNA was 
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purified and hybridized to miRNA arrays. The array was ana-
lyzed using Agilent SureScan Microarray Scanner 
(G4900DA). Normalized intensities were extracted using the 
Agilent Feature Extraction Software and the analysis were per-
formed using Agilent GeneSpring Analysis Software version 
14.9.1. The miRNAs were filtered based on statistical signifi-
cance (P< .05 and FC > 2). The NHDF-iPSCs replicate 
number two and CS32iSMA-nxx replicate number two were 
excluded for further analysis as these samples exhibited dissim-
ilarity among their replicates based on the PCA plot results.

Validation of miRNA microarray by RT-qPCR
Total RNA from the same samples as used in microarray anal-
ysis was used to validate the data from the miRNA microar-
rays. About 250-500 ng of the total RNA sample was reverse 
transcribed. The 30 ends of the miRNAs were modified to 
have a poly(A) tail, and the miRNAs were reverse transcribed 
to cDNA using a miRNA First-Strand cDNA synthesis kit 
(Agilent Technologies Ins., United States), as described previ-
ously.23 Real-time PCR reactions were performed using a spe-
cific forward primer and a universal reverse primer in Light 
Cycler 480 (Roche, Basel, Switzerland).

The thermocycling conditions were as follows: initial holding 
stage one cycle at 95 �C for 10 min followed by 40 amplification 
cycles of denaturing step at 95 �C for 10 s and primer annealing 
at 60 �C for 15 s and extension step at 72 �C for 20 s. Primers 
used were hsa-miR-663a (Forward: 50-AGGCGGGGCGC 
CGCGGGACCGC-30)24 and U6 (Forward: 50-CTCGCTT 
CGGCAGCACA-30) (Reverse: 50- AACGCTTCACGAATTTG 
CGT-30).25 In each reaction, non-template control was included 
by substituting cDNA with water to ensure no contamination in 
the PCR reactions. Melting curve analysis of amplification prod-
ucts was performed at the end of each PCR to confirm that only 
one product was amplified and detected. The levels of miRNA 
were normalized using U6 as an endogenous control. The relative 
levels of hsa-miR-663a were calculated using the comparative CT 
(2−ΔΔCT) method. The RT-qPCR was performed in triplicates 
for NHDF-iPSCs and CS32iSMA-nxx and quadruplicates for 
CS77iSMA-nxx.

Prediction of potential putative gene targeted by  
hsa-miR-663a

A single miRNA is known to be able to target multiple 
mRNAs. Thus, a computational approach using different data-
bases to facilitate the process of narrowing down the common 
genes targeted by hsa-miR-663a was performed. Four different 
target prediction tools including TargetScan Release 7.2: 
March 2018 (http://www.targetscan.org/vert_72/), miRDB 
version 6.0 (http://www.mirdb.org/), DIANA-microT-CDS, 
web server version 5 (http://diana.imis.athenainnovation.gr/ 
DianaTools/index.php?r=microT_CDS/index), and miRWalk 
(http://mirwalk.umm.uni.heidelberg.de/) were used in this 
study.

Gene list enrichment and pathway analysis
The identified common genes were applied into ToppGene 
Suite (https://toppgene.cchmc.org/). ToppFun tool of the 
ToppGene Suite was used to discover the miRNA-gene regu-

latory network on the basis of biological processes and cellular 
compartment and disease. The threshold of significance gene- 
enrichment analysis was defined by P< .05 and Benjamini- 
Hochberg false discovery rate procedures were regarded as sig-
nificant for the particular annotation. The P-value method was 
a hypergeometric probability mass function. The pathways rel-
evant to the putative target genes were examined using Kyoto 
Encyclopedia of Genes and Genomes (KEGG) Mapper 
(https://www.genome.jp/kegg/tool/map_pathway1.html).

Statistical analysis
Each experiment was carried out in triplicate at least, and the 
results were presented as mean ± SD using GraphPad Prism 6. 
Student t-test was used to assess statistical significance. 
A P-value of < .05 was considered significant.

R E S U L T S
Identification of hsa-miR-663a in SMA patient fibroblast- 

derived iPSCs
Comparison of the expression levels of the miRNAs from 
miRNA microarray in SMA patient fibroblast-derived iPSCs 
(CS77iSMA-nxx and CS32iSMA-nxx) relative to healthy con-
trol fibroblast-derived iPSCs (NHDF-iPSCs) is depicted in  
Figure 1. The volcano plot graph shows two downregulated 
miRNAs (hsa-miR-3940-5p and hsa-miR-663a), represented 
as blue squares on the upper left side of the volcano plot.

The hsa-miR-663a, which was found in Chromosome 20 
was selected in this study for further analysis as studies have 
shown the involvement of miR-663a in neuronal differentia-
tion which affect the expression of multiple genes.26,27

Validation of hsa-miR-663a in SMA patient fibroblast- 
derived iPSCs by RT-qPCR

In order to validate the results from miRNA microarray analy-
sis, the differentially expressed hsa-miR-663a between SMA 
fibroblast-derived iPSCs and control fibroblast-derived iPSCs 
was analyzed using RT-qPCR as shown in Figure 2. Results 
from RT-qPCR showed that hsa-miR-663a was differentially 
expressed in SMA patient fibroblast-derived iPSCs relative to 
control fibroblast-derived iPSCs. This was in concordance 
with the findings from miRNA microarray, which demon-
strated that expression level of hsa-miR-663a was significantly 
lower in both SMA patient fibroblast-derived iPSCs as com-
pared to control fibroblast-derived iPSCs.

Predicted gene targets by hsa-miR-663a
The identification of miRNA target genes is essential to further 
explore the potential functions of hsa-miR-663a. Four databases 
were used to predict the common target genes. TargetScan pre-
dicted 2522 genes, miRDB 206 genes, DIANA-microT-CDS 694 
genes, and miRWalk 15132 genes. The Venn diagram (Figure 3) 
shows the intersection of common genes targeted by hsa-miR- 
663a as predicted by the four databases. The list of genes from 
the intersection of the four databases is listed in Table 1.
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Functional enrichment analysis of predicted targets of  
hsa-miR-663a

In order to explore the function of hsa-miR-663a and under-
stand their relevant role in dysregulation of specific gene 
expression, the identified 72 putative genes listed in Table 1 
were analyzed using ToppFun (ToppGene Suite). The func-
tional enrichment analysis based on gene ontology (GO) from 
ToppFun revealed that these identified 72 putative genes are 
categorized to biological process and cellular components as 
shown in Figures 4 and 5, respectively. The GO term enrich-
ment analyses indicated that in the biological process category, 
miR-663a targets were significantly enriched in the regulation 
of 12 categories (P< .05) while cellular component analysis 
showed that most of the target genes were mainly enriched in 
the neurons.

Identification of potential pathways associated with  
hsa-miR-633a

KEGG pathway analysis was performed using KEGG mapper 
based on the predicted target genes. KEGG pathway resulted 
in 95 pathways but the pathways that were predicted to be rel-
evant to SMA is shown in Figure 6 and Table 2. Among the 

Figure 1. Volcano plot of divergently expressed miRNAs in the SMA patient fibroblast-derived iPSCs (CS77iSMA-nxx and 
CS32iSMA-nxx) relative to healthy control fibroblast-derived iPSCs (NHDF-iPSCs). Dotted square boxes represent the two downregulated 
miRNAs (hsa-miR-3940-5p and hsa-miR-663a). Each sample group consisted of at least three replicates.

Figure 2. Expression of hsa-miR663a in SMA patient fibroblast- 
derived iPSCs (CS77iSMA-nxx and CS32iSMA-nxx) relative to 
control fibroblast-derived iPSCs. Error bars represent mean ± SD; 
ns indicates non-significant. Each sample group consisted of three 
replicates.
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Figure 3. Venn diagram analysis of gene targets of hsa-miR-663a. The intersection of the four circles represents overlapping 72 gene targets 
among four databases including TargetScan, miRDB, DIANA-microT-CDS, and miRWalk.

Table 1. Identified target genes of hsa-miR-663a from 4 databases.

miRNA Target genes

hsa-miR-663a PCSK1N, CRTC1, PABPC1L2A, NRARP, LSP1, FGFRL1, SLC22A13, PRRT1, DDA1, NFIX, SIRT6, CMIP, STX1A, 
PAX2, SH3GL1, DPF1, ZNF385A, CNN2, GNG7, IGF2, MMP25, SHOX, RAB11B, ISLR2, NTN5, PPP5C, DPP9, 
ZBTB7A, GRIN2D, ZNF787, CYTH1, TMEM143, CARM1, NRGN, ST3GAL2, SLC25A40, FOXRED2, IGHMBP2, 
SEC14L2, GLO1, PHF12, SYT7, NIPAL1, TTC22, NLE1, SLC25A44, SPTBN4, DUOXA2, ADAR, ASB16, 
ADCYAP1R1, OLFM2, WIPF3, AKAP3, IQCE, MYO1D, KCNAB3, SH2D1B, PLA2G6, SHH, KLC2, NCDN,  
CACNA2D2, ZFP3, ESPN, SLC12A5, PITPNM3, SRGAP1, TNN, ZBTB7B, DBN1, GGCX.

Figure 4. GO classification based on biological processes for 72 putative target genes of hsa-miR-663a. Gene enrichment analysis for the 
putative target genes predicted by four in silico prediction algorithms was performed using ToppFun.
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predicted pathways, phosphatidylinositol 30-kinase (PI3K)- 
AKT signaling pathway was further explored.

The emphasis on the PI3K-AKT pathway was driven by 
earlier studies underscoring the significance of PI3K-AKT 
pathways in neuronal functions as highlighted in the study by 
Alegr�ıa and colleagues.28 Aberrant apoptosis is a key process 
that is highly likely to contribute to the pathogenesis of 

SMA.29 Thus, it is speculated that dysregulated expression of 
miR-663a might lead to aberrant PI3K-AKT signaling pathway 
triggering apoptosis in cells of SMA patients. Furthermore, 
GNG7, IGF2, and TNN are crucial for the survival and growth 
of motor neurons. For example, TNN is expressed highly by 
neurons as compared by glial cells in the central nervous sys-
tem (CNS).30 Interestingly, another study reported that IGF2 

Figure 5. GO classification based on cellular components for 72 putative target genes of hsa-miR-663a. Gene enrichment analysis for the 
putative target genes predicted by four in silico prediction algorithms performed using ToppFun.

Figure 6. Pathway analysis was performed using KEGG mapper for 72 putative target genes of hsa-miR-663a predicted by 4 in silico 
prediction algorithms.
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prevented the degeneration of motor neurons derived from 
SMA patient iPSCs which exhibited longer neurite lengths in 
comparison to untreated motor neurons.31

PI3K-AKT signaling pathway
From the KEGG analysis, three genes (GNG7, TNN, and 
IGF2) were identified in the PI3K-AKT signaling pathway as 
shown in Figure 7. This pathway is known to regulate funda-
mental cellular functions namely transcription, translation, 
proliferation, growth, and survival.

D I S C U S S I O N
miRNAs have been identified as a promising tool for distin-
guishing various diseases by modulating gene expression lead-
ing to alteration in cellular pathways and change in the cell 
physiology.32,33 It is known that miRNAs play different func-
tions at different stages of development in spinal motor neu-
rons.19 Hence, miRNAs could contribute to SMA 
pathogenesis in a variety of ways, including an interruption of 
normal miRNA biogenesis. The miRNA biogenesis is a step-
wise procedure regulated by particular enzymatic complexes.19

It was shown that SMN binds directly to fragile X mental 
retardation protein (FMRP) and KH-type splicing regulatory 
protein (KSRP), which are crucial for miRNA biogenesis and 
function.34,35 Termination of proper miRNA biogenesis via 
deletion of Dicer in post-mitotic spinal motor neurons shows 
SMA-like neurodegenerative phenotype causing motor neuron 
dysfunction and cell death.36 This has clearly showed that 
miRNAs are essential in mature spinal motor neurons for their 
survival.

To date, several studies have reported the involvement of 
miRNAs in the pathogenesis of SMA, ie miR-9, miR-34, miR- 
132, miR-206, miR-183, miR-431, miR-335-5p, miR-146a, 
miR-375, and miR-23a.12,19,20,37,38 However, most of the stud-
ies were conducted in a murine model of SMA.36,39 A study 
performed by Haramati et al was the primary evidence that 
indicated the importance of miRNA dysregulation especially 
miR-9 in a genetic mouse model of SMA.36 Meanwhile, 

another study characterized the expression of 3 miRNAs such 
as miR-9, miR-206, and miR-132 in the spinal cord, skeletal 
muscle, and serum from SMA transgenic mice, and in serum 
from SMA patients.40 Their findings demonstrated differential 
expression of all 3 miRNAs across all the samples analyzed.

Thus, it is essential to identify the specific miRNAs that 
might be dysregulated to deeply understand their role in caus-
ing pathogenesis of SMA and to aid in the advancement of 
new therapeutic targets. Seeing that miRNAs show tissue- 
specific roles based on their cell- and organ-specific expression 
patterns,41–43 it is of great interest to study their differential 
expression levels in iPSCs derived from SMA patients. This 
study utilized iPSCs from SMA patients, which offer distinct 
advantages in terms of scalability, reproducibility, and accessi-
bility. Moreover, utilizing of iPSCs allows for more precise 
control over experimental conditions and minimize potential 
variability arising from the differentiation process as compared 
to iPSC-derived neurons. Conversely, the iPSC-derived neu-
rons may often result in heterogeneous populations of neurons 
with varying degrees of maturity and functionality, posing 
challenges in interpretation of experimental results due to con-
founding factors.

One of the miRNAs identified from the miRNA microarray 
in this study was hsa-miR-663a, which was downregulated in 
SMA patient fibroblast-derived iPSCs as compared to healthy 
control fibroblast-derived iPSCs. Previous studies reported 
that miR-663a is an inflammation-related miRNA that is often 
reported in human cancers.25 The dysregulation of this 
miRNA has been reported in colon cancer,25 pancreatic can-
cer,44 osteosarcoma,45 and non-small cell lung cancer.46

On the other hand, limited studies have explored the role 
of miR-663a in neurodegenerative diseases. A recent study 
revealed that the expression of miR-663a was significantly 
increased in the blood of patients with sporadic amyotrophic 
lateral sclerosis (ALS), a progressive neurodegenerative disor-
der that affects motor neurons, similar to SMA.47 This may be 
due to the properties of miRNAs that simultaneously target 
multiple and functionally related genes. Therefore, differential 

Table 2. List of KEGG pathway relevant to SMA.

KEGG ID KEGG pathway Predicted target genes

hsa03015 mRNA surveillance pathway PABPC1L2A
hsa05017 Spinocerebellar ataxia GRIN2D
hsa04728 Dopaminergic synapse GNG7
hsa03013 RNA transport PABPC1L2A
hsa04721 Synaptic vesicle cycle STX1A
hsa04080 Neuroactive ligand-receptor interaction ADCYAP1R1, GRIN2D
hsa04360 Axon guidance SHH, SRGAP1
hsa04724 Glutamatergic synapse GNG7, GRIN2D
hsa05014 Amyotrophic lateral sclerosis GRIN2D, KLC2
hsa04024 cAMP signaling pathway ADCYAP1R1, GRIN2D
hsa04727 GABAergic synapse GNG7, SLC12A5
hsa05022 Pathways of neurodegeneration—multiple 

diseases
GRIN2D, KLC2, STX1A

hsa04151 PI3K-AKT signaling pathway GNG7, IGF2, TNN
hsa04144 Endocytosis CYTH1, RAB11B, SH3GL1, WIPF3
hsa01100 Metabolic pathways GGCX, GLO1, PLA2G6, SIRT6, ST3GAL2
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expression of miR-663a has been observed in different disease 
states.48

Additionally, differential expression of miR-663a was 
reported in TDP-43 knockdown cultured cells. TDP-43, a pro-
tein component of neuronal inclusions in neurodegenerative 
diseases such as frontotemporal degenerations and ALS under-
scoring its role in disease pathogenesis.49 While the role of 
miR-663a is still unclear, our findings suggest it might be 
involved in the development of other motor neuron diseases 
such as SMA. miR-663a should be explored further as it has 
great potential to be a diagnostic biomarker or a therapeutic 
target in SMA as its expression was found to be decreased in 
SMA patients as compared to the control group.

Based on the in silico prediction, SMN1 and SMN2 genes 
were not targeted by hsa-miR-663a. Thus, it is speculated hsa- 
miR-663a exerts an indirect effect on human SMN genes. A 
single miRNA can interact with a number of genes and a gene 
can be targeted by numerous miRNAs. Hence, this could 
result in a number of possible interactions.50 The differences 

in computational prediction analysis and experimental data 
could be explained by the limitation of in silico tools. These 
tools have different parameters which often resulted in in vast 
prediction outcomes with few overlaps or otherwise over- 
prediction resulting in large overlapping target lists.51 Hence, 
it is challenging to identify which algorithm predicts the best 
and most trustworthy targets. Next, each cell type in metazo-
ans has its own set of miRNA and mRNA profiles which could 
be explained by various cellular transcriptomes present in both 
normal and disease states which are yet to be added to the 
predictive algorithms. Thus, the potential for false positive 
predicted targets is highly possible.52

It is important to determine the target genes of the cellular 
miRNA for a better understanding of their regulatory role.53

Based on the biological processes and cellular components 
from GO analysis of the targeted mRNAs by hsa-miR-663a, 
hsa-miR-663a is a neuron-specific miRNA that could be possi-
bly dysregulated in the targeted cells of SMA such as motor 
neurons. In Figure 4, one of the common putative target genes 

Figure 7. KEGG pathway analysis of phosphatidylinositol 30-kinase (PI3K)-AKT signaling pathway with targeted genes. The involvement 
of genes that were associated with hsa-miR-663a; GNG7 (diamond grid triangle arrow), TNN (horizontal stripe triangle arrow), and IGF2 
(dotted triangle arrow).
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of hsa-miR-663a is spectrin beta, non-erythrocytic 4 
(SPTBN4), which has been identified in cell-cell signaling, 
nervous system process, synaptic signaling, trans-synaptic sig-
naling, chemical synaptic transmission, and anterograde trans- 
synaptic signaling processes. It was reported that SPTBN4 dis-
order individuals exhibit congenital neurologic deficits includ-
ing neuromuscular weakness, similar to that observed in SMA 
patients.54 Meanwhile, GO enrichment analysis results showed 
that the cellular component was mainly enriched in the 
aspects of neuron projection, synapse, somatodendritic com-
partment, and cell body (Figure 5). These findings could be 
particularly relevant to SMA, suggesting impairment of these 
subcellular structures and macromolecular complexes may 
contribute to the pathogenesis of SMA, potentially impacting 
motor neuron function and survival. For example, it was 
revealed that SMN deficiency in sensory neurons led to altera-
tions of the synapses which connect them to motor neurons in 
an SMA mouse model.55

As indicated in Figure 7, the three main target genes of hsa- 
miR-663a involved in the PI3K-AKT signaling pathway are 
GNG7, IGF2, and TNN. The guanine nucleotide-binding pro-
tein 7 (GNG7) is a member of G protein βγ subunit (Gβγ), 
insulin-like growth factors (IGF2) is a key growth factor (GF) 
in this pathway, and tenascin-N (TNN) is an extracellular 
matrix (ECM) glycoprotein. GNG7 protein is part of the large 
G protein gamma family with GTPase activity. This protein 
might be related to the transmembrane signaling pathway and 
associated with cell contact-induced growth arrest, hence stop-
ping uncontrolled cell growth in multicellular organisms.56

Further, the insulin-like growth factors (IGF1) and (IGF2) 
functions via the IGF1 receptor causing growth and metabolic 
effects through the downstream PI3K/AKT pathway. Mean-
while, the IGF2 receptor is associated with the capture and 
degradation of extracellular IGF2 and IGF1 throughout devel-
opment as it is not a signaling receptor.57 IGF2 is a critical fac-
tor that is required for many aspects of cellular processes 
including control cell numbers, growth, differentiation, and 
survival.58 Apart from this, IGF2 is needed to activate this 
pathway by activating the IGF1 receptor59,60 and thought to 
play a pivotal function in neuronal survival.61 Tenascin-N 
(TNN) is a novel member of tenascin family, it is composed 
of cysteine-rich segments, 3.5 epidermal growth factor-like 
repeats, 12 fibronectin type III homologous domains, and a 
fibrinogen-like domain. Surprisingly, this gene is expressed 
highly by neurons as compared by glial cells in the CNS.30

These findings suggest that hsa-miR-663a may act as a cru-
cial epigenetic regulator of the expression of these genes. This 
pathway is known to be affected in other neurological diseases 
such as Alzheimer’s disease.62 The results suggested that 
reduced expression of hsa-miR-663a might lead to dysfunction 
of the PI3K-AKT signaling pathway triggering apoptosis in 
cells of SMA patients. It is well documented that apoptosis 
plays a crucial role in the disease progression of SMA.29

In general, the cell signaling pathway is required for the 
functioning of the cells such as for growth, migration, apopto-
sis, autophagy, and metabolism.63 The PI3K-AKT signaling 
pathway is a pivotal pathway for cell survival. Indeed, PI3K- 
mediated signaling is an important pathway for neuronal func-

tions and survival.28,64 This is in accordance with previous 
studies that have reported that motor neurons from both mice 
and humans or tissues affected in SMA show a dysregulated 
PI3K-AKT pathway.65,66 One of the studies showed that 
inhibition of the PI3K-Akt pathway diminished SMN and 
Gemin2 at the transcriptional level in cultured mouse and 
human SMA motoneurons, suggesting the role of the PI3K- 
Akt pathway in SMA motoneurons and how its alteration con-
tributes to the disease pathology.66 A recent study also 
revealed that inhibition of the PI3-Akt pathway in differenti-
ated SMA human motoneurons derived from iPSCs reduced 
SMN protein and mRNA levels.67 Collectively, the PI3K-AKT 
pathway is essential for the survival and maintenance of motor 
neurons, and thus modulation of the identified miRNA could 
aid in understanding the activation of the PI3K-AKT cascade.

Nevertheless, additional investigations such as qPCR and 
Western blot are required to verify the gene expression and 
protein levels of hsa-miR-663a in identifying the target mole-
cule and the molecular components involved. Further studies 
should investigate the exact mechanisms of miRNA-mRNA 
network in SMA in a large cohort of SMA patient fibroblast- 
derived iPSCs. In addition to using SMA patient fibroblast- 
derived iPSCs, the role of the identified hsa-miR-663a could 
be studied in SMA patient iPSC-derived motor neurons to 
investigate whether similar dysregulation of SMN1 and SMN2 
genes can be observed.

C O N C L U S I O N S
Overall, the miRNA microarray analysis identified hsa-miR- 
663a as one of the dysregulated miRNAs expressed in SMA 
patient fibroblast-derived iPSCs. From the bioinformatics 
analysis of hsa-miR-663a, the putative target genes identified 
include GNG7, TNN, and IGF2, which are predicted to be 
involved in the PI3K-AKT signaling pathway. This study sug-
gested the primary involvement of miRNAs in SMA pathogen-
esis and changes in miRNA expression levels could play an 
important role in the development of SMA. Furthermore, in 
silico prediction showed that hsa-miR-663a might be a 
neuron-specific miRNA whereby its downregulation could 
negatively regulate the expression of the mentioned genes 
affecting the signaling cascades contributing to the dysfunction 
as observed in SMA. In conclusion, hsa-miR-663a could be a 
promising future target in miRNA-based therapies for SMA.

A C K N O W L E D G M E N T S
We thank the members and the staff at Medical Genetics Lab-
oratory, Department of Biomedical Sciences, Faculty of Medi-
cine and Health Sciences, Universiti Putra Malaysia, and 
Centre for Stem Cell Research, Universiti Tunku Abdul 
Rahman.

F U N D I N G
This work was funded by the Malaysian Ministry of Education 
under Fundamental Research Grant Scheme (FRGS) (Grant 
number: FRGS/1/2018/SKK08/PERDANA/03/1).

830 � Journal of Neuropathology & Experimental Neurology, Vol. 83, No. 10, October 2024 
D

ow
nloaded from

 https://academ
ic.oup.com

/jnen/article/83/10/822/7696000 by universiti putra m
alaysia kam

pus bintulu user on 10 January 2025



C O N F L I C T S  O F  I N T E R E S T
The authors have no relevant financial or non-financial inter-
ests to disclose.

R E F E R E N C E S
1.0 Tisdale S, Pellizzoni L. Disease mechanisms and therapeutic 

approaches in spinal muscular atrophy. J Neurosci. 2015;35(23): 
8691-8700.

2.0 Kolb SJ, Kissel JT. Spinal muscular atrophy. Neurol Clin. 2015;33 
(4):831-846.

3.0 Lefebvre S, B€urglen L, Reboullet S, et al. Identification and charac-
terization of a spinal muscular atrophy-determining gene. Cell. 
1995;80(1):155-165.

4.0 Wirth B. An update of the mutation spectrum of the survival motor 
neuron gene (SMN1) in autosomal recessive spinal muscular atro-
phy (SMA). Hum Mutat. 2000;15(3):228-237.

5.0 Fallini C, Bassell GJ, Rossoll W. Spinal muscular atrophy: the 
role of SMN in axonal mRNA regulation. Brain Res. 2012;1462: 
81-92.

6.0 Ratni H, Ebeling M, Baird J, et al. Discovery of risdiplam, a selec-
tive survival of motor neuron-2 (SMN2) gene splicing modifier for 
the treatment of spinal muscular atrophy (SMA). J Med Chem. 
2018;61(15):6501-6517.

7.0 Russman BS. Spinal muscular atrophy: clinical classification and 
disease heterogeneity. J Child Neurol. 2007;22(8):946-951.

8.0 Feldk€otter M, Schwarzer V, Wirth R, et al. Quantitative analyses of 
SMN1 and SMN2 based on real-time lightcycler PCR: fast and 
highly reliable carrier testing and prediction of severity of spinal 
muscular atrophy. Am J Hum Genet. 2002;70(2):358-368.

9.0 Menduti G, Ras�a DM, Stanga S, et al. Drug screening and drug 
repositioning as promising therapeutic approaches for spinal mus-
cular atrophy treatment. Front Pharmacol. 2020;11:592234.

10. Varderidou-Minasian S, Verheijen BM, Harschnitz O, et al. Spinal 
muscular atrophy patient iPSC-derived motor neurons display 
altered proteomes at early stages of differentiation. ACS Omega. 
2021;6(51):35375-35388.

11. Gandhi G, Abdullah S, Iwan A, et al. The potential role of miRNA 
therapies in spinal muscle atrophy. J Neurol Sci. 2021;427:117485.

12. Giorgia Q, Gomez Garcia de la Banda M, Smeriglio P. Role of cir-
culating biomarkers in spinal muscular atrophy: insights from a 
new treatment era. Front Neurol. 2023;14:1226969.

13. Bartel DP. MicroRNAs: target recognition and regulatory func-
tions. Cell. 2009;136(2):215-233.

14. Mukherji S, Ebert MS, Zheng GXY, et al. MicroRNAs can generate 
thresholds in target gene expression. Nat Genet. 2011;43(9): 
854-859.

15. Selbach M, Schwanh€ausser B, Thierfelder N, et al. Widespread 
changes in protein synthesis induced by microRNAs. Nature. 
2008;455(7209):58-63.

16. Kye M, Niederst ED, Wertz MH, et al. SMN regulates axonal local 
translation via miR-183/mTOR pathway. Hum Mol Genet. 2014;23 
(23):6318-6331.

17. Laugier L, Ferreira LRP, Ferreira FM, et al. MiRNAs may play a 
major role in the control of gene expression in key pathobiological 
processes in chagas disease cardiomyopathy. PLoS Negl Trop Dis. 
2020;14(12):e0008889.

18. Place RF, Li LC, Pookot D, et al. MicroRNA-373 induces expres-
sion of genes with complementary promoter sequences. Proc Natl 
Acad Sci USA. 2008;105(5):1608-1613.

19. Magri F, Vanoli F, Corti S. miRNA in spinal muscular atrophy 
pathogenesis and therapy. J Cell Mol Med. 2018;22(2):755-767.

20. De Paola E, Verdile V, Paronetto MP. Dysregulation of microRNA 
metabolism in motor neuron diseases: novel biomarkers and 
potential therapeutics. Noncoding RNA Res. 2018;4(1):15-22.

21. Brooks IR, Garrone CM, Kerins C, et al. Functional genomics and 
the future of iPSCs in disease modeling. Stem Cell Rep. 2022;17 
(5):1033-1047.

22. Tai L, Teoh HK, Cheong SK. Reprogramming human dermal 
fibroblast into induced pluripotent stem cells using non-integrative 
Sendai virus for transduction. Malays J Pathol. 2018;40(3): 
325-329.

23. Kumar S, Reddy PH. MicroRNA-455-3p as a potential biomarker 
for Alzheimer’s disease: an update. Front Aging Neurosci. 2018;10: 
41-11.

24. Griffiths-Jones S, Grocock RJ, van Dongen S, Bateman A, Enright 
AJ. miRBase: microRNA sequences, targets and gene nomencla-
ture. Nucleic Acids Res. 2006;34(Database issue):D140-144.

25. Tian W, Du Y, Ma Y, et al. MALAT1–miR663a negative feedback 
loop in colon cancer cell functions through direct miRNA–lncRNA 
binding. Cell Death Dis. 2018;9(9):857.

26. Shu R, Wong W, Ma QH, et al. APP intracellular domain acts as a 
transcriptional regulator of miR-663 suppressing neuronal differen-
tiation. Cell Death Dis. 2015;6(2):e1651.

27. Vasu MM, Anitha A, Takahashi T, et al. Fluoxetine increases the 
expression of miR-572 and miR-663a in human neuroblastoma cell 
lines. PLoS ONE. 2016;11(10):1-11.

28. S�anchez-Alegr�ıa K, Flores-Le�on M, et al. PI3K signaling in neu-
rons: a central node for the control of multiple functions. Int J Mol 
Sci. 2018;19(12):3725.

29. Sareen D, Ebert AD, Heins BM, et al. Inhibition of apoptosis 
blocks human motor neuron cell death in a stem cell model of spi-
nal muscular atrophy. PLoS One. 2012;7(6):e39113.

30. Neidhardt J, Fehr S, Kutsche M, et al. Tenascin-N: characterization 
of a novel member of the tenascin family that mediates neurite 
repulsion from hippocampal explants. Mol Cell Neurosci. 2003;23 
(2):193-209.

31. Allodi I, Comley L, Nichterwitz S, et al. Differential neuronal vul-
nerability identifies IGF-2 as a protective factor in ALS. Sci Rep. 
2016;6:25960.

32. Condrat CE, Thompson DC, Barbu MG, et al. miRNAs as bio-
markers in disease: latest findings regarding their role in diagnosis 
and prognosis. Cells. 2020;9(2):1-32.

33. Saiyed AN, Vasavada AR, Johar SRK. Recent trends in miRNA 
therapeutics and the application of plant miRNA for prevention 
and treatment of human diseases. Futur J Pharm Sci. 2022;8(1): 
24.

34. Piazzon N, Rage F, Schlotter F, et al. In vitro and in cellulo eviden-
ces for association of the survival of motor neuron complex with 
the fragile X mental retardation protein. J Biol Chem. 2008;283(9): 
5598-5610.

35. Tadesse H, Deschenes-Furry J, Boisvenue S, Cote J. KH-type splic-
ing regulatory protein interacts with survival motor neuron protein 
and is misregulated in spinal muscular atrophy. Hum Mol Genet. 
2008;17(4):506-524.

36. Haramati S, Chapnik E, Sztainberg Y, et al. miRNA malfunction 
causes spinal motor neuron disease. Proc Natl Acad Sci USA. 2010; 
107(29):13111-13116.

37. Chen TH, Chen JA. Multifaceted roles of microRNAs: from motor 
neuron generation in embryos to degeneration in spinal muscular 
atrophy. Elife. 2019;8:e50848.

38. Chen TH, Chang SH, Wu YF, et al. MiR34 contributes to spinal 
muscular atrophy and AAV9-mediated delivery of MiR34a amelio-
rates the motor deficits in SMA mice. Mol Ther Nucleic Acids. 
2023;32:144-160.

39. Wertz MH, Winden K, Neveu P, et al. Cell-type-specific miR-431 
dysregulation in a motor neuron model of spinal muscular atrophy. 
Hum Mol Genet. 2016;25(11):2168-2181.

40. Catapano F, Zaharieva I, Scoto M, et al. Altered levels of 
microRNA-9, -206, and -132 in spinal muscular atrophy and their 
response to antisense oligonucleotide therapy. Mol Ther Nucleic 
Acids. 2016;5(7):e331.

Journal of Neuropathology & Experimental Neurology, Vol. 83, No. 10, October 2024 � 831 
D

ow
nloaded from

 https://academ
ic.oup.com

/jnen/article/83/10/822/7696000 by universiti putra m
alaysia kam

pus bintulu user on 10 January 2025



41. Liu SP, Fu RH, Yu HH, et al. MicroRNAs regulation modulated 
self-renewal and lineage differentiation of stem cells. Cell Trans-
plant. 2009;18(9):1039-1045.

42. Ivey KN, Srivastava D. MicroRNAs as regulators of differentiation 
and cell fate decisions. Cell Stem Cell. 2010;7(1):36-41.

43. Meza-Sosa KF, Pedraza-Alva G, P�erez-Mart�ınez L. MicroRNAs: 
key triggers of neuronal cell fate. Front Cell Neurosci. 2014;8:175.

44. Lin MS, Chen WC, Huang JX, et al. Aberrant expression of micro-
RNAs in serum may identify individuals with pancreatic cancer. Int 
J Clin Exp Med. 2014;7(12):5226-5234.

45. Huang C, Sun Y, Ma S, et al. Identification of circulating miR-663a 
as a potential biomarker for diagnosing osteosarcoma. Pathol Res 
Pract. 2019;215(6):152411.

46. Zhang Y, Xu X, Zhang M, et al. MicroRNA-663a is downregulated 
in non-small cell lung cancer and inhibits proliferation and invasion 
by targeting JunD. BMC Cancer. 2016;16(1):315-310.

47. Vrabec K, Bo�stjan�ci�c E, Koritnik B, et al. Differential expression of 
several miRNAs and the host genes AATK and DNM2 in leuko-
cytes of sporadic ALS patients. Front Mol Neurosci. 2018;11: 
106-112.

48. Abdellatif M. Differential expression of microRNAs in different dis-
ease states. Circ Res. 2012;110(4):638-650.

49. Buratti E, De Conti L, Stuani C, et al. Nuclear factor TDP-43 can 
affect selected microRNA levels. FEBS J. 2010;277(10): 
2268-2281.

50. Kumar A, Wong AKL, Tizard ML, et al. MiRNA_Targets: a data-
base for miRNA target predictions in coding and non-coding 
regions of mRNAs. Genomics. 2012;100(6):352-356.

51. Rajewsky N. MicroRNA target predictions in animals. Nat Genet. 
2006;38 Suppl(6S):S8-13.

52. Da Costa Martins PA, De Windt LJ. Targeting msicroRNA targets. 
Circ Res. 2012;111(5):506-508.

53. Dash S, Balasubramaniam M, Dash C, et al. Biotin-based pulldown 
assay to validate mRNA targets of cellular miRNAs. J Vis Exp. 
2018;(136):57786.

54. Ortiz-Gonzalez X, Wierenga K. SPTBN4 disorder. In: Adam MP, 
Feldman J, Mirzaa GM, et al., eds. GeneReviews® [Internet]. Univer-
sity of Washington, Seattle, WA;1993-2024; 2020.

55. Fletcher EV, Simon CM, Pagiazitis JG, et al. Reduced sensory syn-
aptic excitation impairs motor neuron function via Kv2.1 in spinal 
muscular atrophy. Nat Neurosci. 2017;20(7):905-916.

56. Hartmann S, Szaumkessel M, Salaverria I, et al. Loss of protein 
expression and recurrent DNA hypermethylation of the GNG7 
gene in squamous cell carcinoma of the head and neck. J Appl 
Genet. 2012;53(2):167-174.

57. Hawkes C, Kar S. The insulin-like growth factor-II/mannose-6- 
phosphate receptor: structure, distribution and function in the cen-
tral nervous system. Brain Res Brain Res Rev. 2004;44(2-3): 
117-140.

58. Bergman D, Halje M, Nordin M, et al. Insulin-like growth factor 2 
in development and disease: a mini-review. Gerontology. 2013;59 
(3):240-249.

59. Yoon MS, Chen J. PLD regulates myoblast differentiation through 
the mTOR-IGF2 pathway. J Cell Sci. 2008;121(Pt 3):282-289.

60. Martins AS, Olmos D, Missiaglia E, et al. Targeting the insulin-like 
growth factor pathway in rhabdomyosarcomas: rationale and 
future perspectives. Sarcoma. 2011;2011:209736.

61. Xia L, Zhu X, Zhao Y, et al. Genome-wide RNA sequencing analy-
sis reveals that IGF-2 attenuates memory decline, oxidative stress 
and amyloid plaques in an Alzheimer’s disease mouse model (AD) 
by activating the PI3K/AKT/CREB signaling pathway. Int Psycho-
geriatr. 2019;31(7):947-959.

62. Yu H-J, Koh S-H. The role of PI3K/AKT pathway and its thera-
peutic possibility in Alzheimer’s disease. Hanyang Med Rev. 2017; 
37(1):18-24.

63. Xu Z, Jia K, Wang H, et al. METTL14-regulated PI3K/Akt signal-
ing pathway via PTEN affects HDAC5-mediated epithelial–mesen-
chymal transition of renal tubular cells in diabetic kidney disease. 
Cell Death Dis. 2021;12(1):32.

64. Brunet A, Datta SR, Greenberg ME. Transcription-dependent and 
-independent control of neuronal survival by the PI3K-Akt signal-
ing pathway. Curr Opin Neurobiol. 2001;11(3):297-305.

65. Biondi O, Branchu J, Salah AB, et al. IGF-1R reduction triggers 
neuroprotective signaling pathways in spinal muscular atrophy 
mice. J Neurosci. 2015;35(34):12063-12079.

66. Sansa A, de la Fuente S, Comella JX, et al. Intracellular pathways 
involved in cell survival are deregulated in mouse and human spinal 
muscular atrophy motoneurons. Neurobiol Dis. 2021;155:105366.

67. Sansa A, Miralles MP, Beltran M, et al. ERK MAPK signaling path-
way inhibition as a potential target to prevent autophagy altera-
tions in spinal muscular atrophy motoneurons. Cell Death Discov. 
2023;9(1):113.

# The Author(s) 2024. Published by Oxford University Press on behalf of American Association of Neuropathologists, Inc.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, 
distribution, and reproduction in any medium, provided the original work is properly cited.
Journal of Neuropathology & Experimental Neurology, 2024, 83, 822–832
https://doi.org/10.1093/jnen/nlae065
Original Article

832 � Journal of Neuropathology & Experimental Neurology, Vol. 83, No. 10, October 2024 
D

ow
nloaded from

 https://academ
ic.oup.com

/jnen/article/83/10/822/7696000 by universiti putra m
alaysia kam

pus bintulu user on 10 January 2025


	Active Content List
	Introduction
	Methods
	Results
	Discussion
	Conclusions
	Acknowledgments
	Funding
	Conflicts of interest
	References


