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The Notch signalling pathway and miRNA regulation play
important roles in the differentiation of Schwann cells from
adipose-derived stem cells
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An exploration of the underlying mechanisms is necessary to improve nerve myelin-forming cell Schwann cell (SC) differentiation
from adipose-derived stem cells (ADSCs). Primary rat ADSCs were isolated and characterised for cell surface markers using flow
cytometry analysis. After treatment with a mixture of glial growth factors, ADSCs were induced to differentiate and subsequently
identified by immunofluorescence staining and western blotting. A miRNA microarray analysis was performed to explore the genes
and signalling pathways regulating ADSC differentiation into SCs. ELISAs were conducted to measure the expression of
neurotrophic factors and changes in the level of nerve cell adhesion factor. Dual luciferase reporter assays and RIP assays were
performed to explore the potential mechanism of miR-21-5p in ADSC differentiation. The isolated ADSCs were positive for CD29
and CD44 but negative for CD49. After induction with specific cytokines, the differentiated ADSCs presented a spindle-like
morphology similar to SCs and expressed S100. RNA-sequencing analyses revealed that 9821 mRNAs of protein-coding genes and
175 miRNAs were differentially expressed in differentiated SC-like cells compared to primary cultures of ADSCs. KEGG and Gene
Ontology analyses revealed that the involvement of the Notch signalling pathway and miRNA negative regulation may be
associated with the differentiation of ADSCs into SCs. Treatment with a Notch inhibitor promoted the differentiation of ADSCs.
Furthermore, mechanistic studies showed that Jag1 bound to miR-21-5p and upregulated its target gene Jag1, thus affecting ADSC
differentiation. These results revealed the mechanism underlying the important roles of miRNAs and the Notch signalling pathway
in the differentiation of SCs from ADSCs, enabling potential therapeutic applications of ADSCs in peripheral nerve regeneration in

the future.
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INTRODUCTION

Schwann cells (SCs), which are recognised as the best seed cells for
peripheral nerve tissue engineering, play a crucial role in peripheral
nerve regeneration and repair of axonal damage'? With the
development of tissue engineering technology, SCs have also been
proposed to repair damage to the central nervous system. However,
due to the limited sources and proliferation ability, as well as the
difficulty of cell culture in vitro™, the rapid generation of a sufficient
number of SCs that fully meet the requirements and characteristics
of seed cells for clinical application is difficult.

Adipose-derived stem cells (ADSCs), on the other hand, have the
advantages of being easily obtained from extensive sources, easy
cultivation and causing little injury to the donor’®. Under certain
conditions, ADSCs differentiate into various tissues, such as osseous
tissue’, cartilaginous tissue®, adipose tissue®, myeloid tissue'® and
nervous tissue'', indicating that they are ideal seed cells for tissue
engineering. The phenotypic and gene expression profiles of ADSCs
are similar to those of bone marrow mesenchymal stem cells
(BMSCs)'*"®, which are both derived from the embryonic
mesoderm and express similar surface markers. ADSCs are able to
differentiate into neural cells under appropriate induction

conditions'®. According to previous studies, ADSCs are induced
and differentiated into SC-like cells, which are identical to true SCs in
terms of morphology, surface markers and functions of promoting
myelin growth'”">2, ADSCs may become a reliable and abundant
source of differentiated SCs and play an important role in nervous
system regeneration and axonal injury repair.

In the present study, we successfully isolated ADSCs from adipose
tissue and induced their differentiation into SC-like cells. We
subsequently performed RNA sequencing on differentiated and
primary cultured ADSCs. Based on a statistical analysis of differentially
expressed genes and signalling pathways, we discovered that the
Notch signalling pathway inhibited the differentiation of ADSCs into
SCs. Finally, we proposed a molecular mechanism by which miR-21-
5p might regulate the differentiation of ADSCs into SCs.

MATERIALS AND METHODS

Animals

Adult male Sprague-Dawley rats weighing approximately 250g were
purchased from SJA Laboratory Animal Co., Ltd. (Hunan, China). All animals
utilised in this study received care according to the policies and principles
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established by the Animal Welfare Act and the NIH Guide for the Care and
Use of Laboratory Animals.

Isolation and culture of ADSCs

Rats were euthanized by an intraperitoneal injection of 10% chloral
hydrate anaesthesia (0.5 ml/100 g). After immersion sterilisation in 75%
alcohol, bilateral inguinal fat pads were carefully dissected and minced
after washes with phosphate-buffered saline (PBS) and digested three
times with 5 ml of trypsin at 37 °C for 10 min. The digestion solution was
passed through a 200-mesh filter to remove undissociated tissue,
neutralised with low-glucose Dulbecco’s modified Eagle’s medium (DMEM)
o containing 20% (v/v) foetal bovine serum (FBS) (Gibco, USA) and then
centrifuged at 1000 r/min for 5 min. The supernatant was removed, and
the stromal cell pellet was resuspended in low-glucose DMEM containing
20% (v/v) FBS and a 1% (v/v) penicillin/streptomycin solution, followed by
inoculation in a T25 flask at a density of 4 x 10° cells/ml and an incubation
at 37°C with 5% CO,. The medium was renewed after 48 h, and the
nonadherent cells were removed to obtain FO generation cells. After
passage and expansion culture, third- to fifth-generation ADSCs were
induced to differentiate. Frozen stock solutions of 80% DMEM/F12
containing 10% FBS and 10% DMSO were used to preserve the ADSCs.

Characterisation of ADSC surface markers using flow
cytometry

Rat ADSCs within three to five passages were harvested by trypsinization
and subsequently fixed with neutralised 4% paraformaldehyde for 30 min.
The fixed cells were washed twice with PBS and then incubated with the
following antibodies at 4 °C for 30 min: hamster fluorescein isothiocyanate
(FITC)-conjugated CD29, mouse PE-conjugated CD44 and mouse
allophycocyanin-conjugated CD49 from eBioscience, Inc. (San Diego, CA,
USA). Flow cytometry was performed with a FACScan flow cytometer
(Becton Dickinson, San Jose, CA).

Induction of ADSC differentiation into SC-like cells

Growth medium was removed from subconfluent ADSC cultures at the
fourth passage and replaced with preinduction solution (DMEM/F12
containing 20 ng/ml EGF, 20 ng/ml basic fibroblast growth factor (bFGF)
and 2% B27). Cells were cultured in a 37 °C incubator with 5% CO, for
7 days with fresh medium changes every 2-3 days. The blank control
solution was DMEM/F12 containing 10% FBS. After 7 days of preinduction,
cells were seeded into a 6-well plate precoated with laminin. Subsequently,
the preinduction solution was removed and replaced with SC-conditioned
differentiation medium (DMEM/F12 containing 10% FBS, 14 uM forskolin
(Alexis Biochemichals, San Diego, CA, USA), 5ng/ml platelet-derived
growth factor-AA (PeproTech, Rocky Hill, NJ, USA), 10ng/ml bFGF
(PeproTech) and 200 ng/ml recombinant human heregulin-31 (Pepro-
Tech)). Cells were cultured in a 37 °C incubator with 5% CO, for 9 days with
fresh medium added every 2-3 days. The blank control was DMEM/F12
containing 10% FBS.

As a method to determine the role of Notch signalling in cell
differentiation, ADSCs were treated with the Notch1 inhibitor tangeretin
(Sigma) at 25 mM to inhibit cleavage of the Notch intracellular domain,
thus inhibiting the Notch signalling cascade.

Identification of Schwann-like cells

For the immunocytochemical assessment of the expression of markers of
differentiated ADSCs, the ADSCs were cultured in SC-conditioned medium
for 12-14 days and then fixed with 4% (W/V) paraformaldehyde for 30 min.
The fixed cells were blocked with goat serum for 1 h at room temperature.
The rabbit polyclonal primary antibodies against GFAP (1:200; ab4648),
S100 (1:200; ab52642), SOX2 (1:200; ab92689), c-Myc (1:200; ab32072),
OCT4 (1:200; ab181557) and KLF4 (1:200; ab214666) from Abcam (Cam-
bridge, MA, USA) were added and incubated at 4 °C overnight. Following
the incubation, Cy3- (1:100; SA00003-2) or FITC-conjugated (1:100;
SA00009-2) goat anti-rabbit secondary antibodies (Proteintech Group,
Inc., Chicago, IL, US) were added and incubated at 37 °C for 1 h. The cell
nuclei were labelled with DAPI (Sigma). PBS was substituted for primary
antibodies as a control. The cells were visualised and recorded using a
fluorescence microscope (Nikon Eclipse 80i).

For western blot analyses, fourth passage rat ADSCs were harvested by
trypsinization, and 1x10° cells/ml were mixed with 100 ul of protein
isolation buffer, followed by centrifugation at 12,000 g for 30 min at 4 °C.
Lysed cells were incubated for 15 min on ice and then subjected to two
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freeze-thaw cycles prior to the analysis of the protein content using a
commercially available protein assay kit (Bio-Rad, UK). Thirty micrograms of
protein was prepared from each sample, combined with Laemmli buffer
and denatured at 95 °C for 5 min. The proteins were resolved on 15 or 12%
SDS-PAGE gels (Beijing Dingguo Biotech, Co., Ltd.) and transferred onto
PVDF membranes. The membranes were blocked for 1 h with 5% bovine
serum albumin and then incubated overnight at 4°C with primary
antibodies against S100, GFAP, SOX2, c-Myc, OCT4, KLF4, Jag1 (1:100;
ab7771; Abcam) and Hes1 (1:100; ab71559). The membranes were
incubated for 1h at 37°C with HRP-conjugated secondary antibodies
[goat anti-mouse and goat anti-rabbit (1:1000; Cell Signalling Technology,
USA)]. Antibodies were stripped from the membranes using 100 mM
glycine, pH 2.9, and the blots were reprobed with a B-actin antibody
(1:1000; Abcam, UK) as a loading control. The blots were scanned using a
ChemiDoc XRS +image analysis system (Bio-Rad Laboratories, Inc.,,
Hercules, CA, USA) and analysed using Image)J software (National Institutes
of Health, Bethesda, MD, USA).

Cell transfection

Genema (Shanghai, China) synthesised miR-21-5p and miR-NC. The vector
containing the Rbpj 3’-untranslated region (UTR) fragment containing
putative binding sites for miR-21-5p was synthesised by GeneChem
(Shanghai, China). Cells (5 x 10°) were plated in 6-well plates 24 h prior to
transfection with the Rbpj 3'UTR-WT/Mut overexpression plasmid, miR-21-
5p and miR-NC at 60-70% confluence and then transfected using
Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). Forty-eight hours after
the transient transfection of plasmids, cells were harvested for further
experiments.

mRNA extraction and RT-qPCR analysis

Total RNA was isolated from control ADSC cultures and ADSCs in the fourth
passage using RNA Isolator Total RNA Extraction reagent (Vazyme,
Piscataway, NJ, USA). The expression of mRNAs was detected using an
Ace-Hi™ One Step Quantitative Real-Time PCR SYBR Green kit (cat. no.
Q221-01; Vazyme), and qRT-PCR was performed using an LCS 480 real-time
PCR system, according to the manufacturers’ protocols. The primers
sequences are shown in Table 1. The reaction conditions were set as
denaturation for 1 min at 94 °C, primer annealing for 1 min at 60°C and
chain elongation for 1.45 min at 72°C on a DNA thermocycler (MJ Mini
personal thermocycler, Bio-Rad). The relative expression of each mRNA was
calculated using the 2724°@ method and normalised to that of the GAPDH
mRNA for each data point.

RNA sequencing and analysis®
The integrity of total RNA was assessed using Bio-Rad Experion.
Sequencing libraries were prepared with the TruSeq Stranded mRNA Kit
(Illumina). On-board cluster generation using the TruSeq Rapid SR Cluster
Kit-HS (lllumina) and single-read 50 nt sequencing were performed with a
HiSeq Rapid SR Flow Cell (lllumina) using the lllumina 1500 platform.
lllumina output bcl files were converted and demultiplexed using the
lllumina bcl2fastq script, version 1.8.3. Sequenced reads were aligned to
the /\4{415 musculus Ensembl reference genome (release 74, GRCm38) using
STAR™.

Gene read counts were established as read counts within merged exons
of protein-coding transcripts (for genes with annotated protein gene
products) or within merged exons of all transcripts (for noncoding genes).
Fragments per kilobase per million (FPKM) were based on the total raw read
count per gene and length of merged exons. Differential expression was
assessed for genes with a minimum FPKM value of 0.3 in 1 sample using
DEseq2®®. Thus, derived p values were subjected to Benjamini-Hochberg
adjustment to correct for multiple hypothesis testing. We considered genes
as differentially expressed if a fold change of 2 or 1.5 was observed
(indicated in the text) with an adjusted p value of 0.05 to also include
smaller differences in expression between conditions.

RNAseq data have been deposited in the EBI ArrayExpress archive
(http://www.ebi.ac.uk/arrayexpress/) and are accessible via the accession
number E-MTAB-5600.

ELISA

Cell lysate samples were prepared, and 100 pl of samples in coating buffer
was added to the wells of a microtiter plate. After an overnight incubation
at 4°C, the samples were removed and washed with PBST buffer three
times. The coated wells were then blocked with 100 pl of 3% skim milk in
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Table 1. Paired primer seqTences Tsed in gRT-PCR.
Genes Paired primers
SOX2 Sense

Antisense
C-myc Sense

Antisense
Oct4 Sense

Antisense
KLF4 Sense

Antisense
Jag1 Sense

Antisense
Hes1 Sense

Antisense
GFAP Sense

Antisense
S100 Sense

Antisense
GAPDH Sense

Antisense
let-7-5p RT

Sense
miR-30-5p RT

Sense
miR-34-5p RT

Sense
miR-127-3p RT

Sense
miR-21-5p RT

Sense
miRNA Antisense
uée Sense

Antisense

PBS at RT for 1 h. After three washes with PBST buffer, 100 ul of NGF, BDNF,
IL-6 and NCAM antibody solutions were added and incubated at RT for 1 h
with gentle shaking. All wells were then washed with PBST buffer three
times, and then the corresponding secondary antibody was added
followed by another 1 h incubation at RT. Finally, the substrate solution
was added, the signal was measured and the expression level was
calculated.

Signalling pathway analysis

The NCBI FLink site was used to perform the pathway analysis. NCBI gene
IDs for either upregulated or downregulated genes were input into the
gene database and then linked to the gene biosystem database. The
resulting list was downloaded into Excel and filtered for KEGG pathways
with at least 15 genes from our list of significant genes and comprised
more than 10% of the number of genes in the KEGG database. Then, a
hypergeometric test was applied with p > 0.05 as a cutoff score. The list of
significant genes in the significant pathways was downloaded from the
FLink page.

Dual luciferase reporter assay

The putative binding sites between miR-21-5p and the Jag1 3’-UTR were
predicted by TargetScan. Serial constructs were then generated using the
pGL3 luciferase promoter plasmid (Promega Corporation, Madison, WiI,
USA). Point mutations of the miR-21-5p-targeting sites in the Jag1 3/-UTR
were directly synthesised using the QuickChange Multiple Site-directed
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SeqTences (5’-3’)

CATGAAGGAGCACCCGGATT

CATCATGCTGTAGCTGCCGT

TCCTGTACCTCGTCCGATTC

GGTTGCCTCTTTTCCACAGA

AGGTGGAACCTAGTCCCGA

GGTTGTCTGGCTGAACACCTT

AGTTTACCTCCGACCCCATT

AAGGCTTTTCTCCTGGCTTC

GGCTACTCAGGACCGAACTG

CTTGGCCTCGCACTCATTTG

GAAAGATAGCTCCCGGCATT

GTCACCTCGTTCATGCACTC

GCTCCAAGATGAAACCAACC

CCAGCGACTCAACCTTCCT

CTTGATTTGCTTCAGGGATGA

CCCACAGAGTGTTGATTTCG

GCAAGTTCAACGGCACAG

GCCAGTAGACTCCACGACAT
GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAACTAT
TGAGGTAGTAGGTTGTATGGTT
GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCTTCCA
GGCGTGTAAACATCCTCGAC
GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACACAACC
GCCTGGCAGTGTCTTAGCT
GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAGCCAA
GCTCGGATCCGTCTGAGC
GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTCAACA
CGCGCTAGCTTATCAGACTGA

GTGCAGGGTCCGAGGT

CTCGCTTCGGCAGCACA

AACGCTTCACGAATTTGCGT

Mutagenesis Kit (Stratagene, La Jolla, CA, USA). Each plasmid construct was
subsequently cotransfected with miR-21-5p mimics, miR-21-5p inhibitors
and a corresponding negative control into H9C2 and H293 cells seeded in
12-well plates using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA).
Forty-eight hours after transfection, cells were harvested, and luciferase
activities were detected using the Dual Luciferase Reporter Assay Kit
(Promega). The ratio of firefly to Renilla luciferase activity was subsequently
determined.

Statistical analysis

Experimental data are presented as the means * standard deviations of at
least three independent replicates after an analysis with GraphPad Prism
5 software (GraphPad Software, La Jolla, CA, USA) and an assessment of
comparisons between different groups using Student’s t test. Differences
were considered significant at p values < 0.05.

RESULTS

Isolation and identification of ADSCs

Within three to five passages after initial plating of the primary
culture, the ADSCs exhibited a uniformly aligned monolayer of
fibroblast-like cells with a swirl or parallel growth style (Fig. 1A; left
panel). As the cells approached confluence, they assumed a more
spindle-shaped, fibroblastic morphology (Fig. 1A; right panel). The
expression of cell surface markers of ADSCs was examined using
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Characteristics of rat ADSCs. Rat ADSCs were passaged 3-5 times after the initial plating of the primary culture. A Under a phase

contrast microscope, cultured rat ADSCs were spindle-shaped (scale bar 200 um). B Flow cytometry analysis of rat ADSCs using specific FITC-
and PE-conjugated antibodies against the surface markers CD44, CD29 and CD49. An isotype control is included in each test (red lines).

Fig.2 ADSCs differentiated into SC-like cells. ADSCs were cultured for 9 days on laminin-coated 6-well plates in SC differentiation medium.
A ADSC sphere formation experiment. B Morphology of differentiated ADSCs. C Identification of ADSCs before and after induction by

immunofluorescence staining for GFAP and S100.

flow cytometry to further characterise these cells. The primary
cultured ADSCs expressed CD29 (99.3%) and CD44 (94.3%) but did
not express CD49 (1.3%) (Fig. 1B), indicating the successful
isolation of primary rat ADSCs.

Induction of ADSC differentiation into SC-like cells

The results of the sphere formation assay revealed an increased
proportion of small spheres of floating cells after 1 day. The ADSCs
transformed from a monolayer of large cells with a flat
morphology to a small number of bipolar or tripolar spindle-like
shaped cells (Fig. 2A; upper panel). Three days after differentiation,
the size of the cell spheres was markedly increased (Fig. 2A; lower
panel), indicating that the experimental conditions and operation
methods met the requirements. Differentiated ADSCs exhibited
morphological changes similar to those of SCs, including a
decrease in cell volume, a monolayer of long, spindle-shaped
fibroblasts, greater three-dimensionality and hyalomeres present
in the periphery of the cell (Fig. 2B). Imnmunofluorescence staining
showed that less than 5% of differentiated ADSCs were positive
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for GFAP, while approximately 90% of induced human ADSCs
were positive for S100 (Fig. 2C).

Expression of differentiation-associated genes

We further examined the expression of differentiation-associated
genes before and after ADSC differentiation induction. The results
from IF (Fig. 3A) and western blotting (Fig. 3B) revealed decreased
levels of SOX2 and KLF4 and increased levels of C-myc and
OCT4 in differentiated ADSCs, suggesting the success of ADSC
differentiation into SC-like cells.

RNA sequencing and differential expression analysis

We performed a genome-wide transcriptome analysis of differential
gene expression between differentiated and primary cultured
ADSCs using RNA-sequencing (RNAseq) technology to explore the
genes and signalling pathways that regulate ADSC differentiation
into SCs. The volcano plot of differentially expressed genes shows
9821 protein-coding mRNAs that were significantly different, with
4819 upregulated and 5002 downregulated in SCs versus primary
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Fig. 3 Expression of differentiation-associated genes before and after induction. A Immunofluorescence staining for SOX2, c-Myc, OCT4
and KLF4. B Western blots showing the levels of the SOX2, c-Myc, OCT4 and KLF4 proteins.

cultured ADSCs (Supplementary Fig. S1A). Similarly, the unsuper-
vised two-dimensional hierarchical clustering analysis of differen-
tially expressed genes clearly separated the differentiated and
primary cultured ADSCs (Supplementary Fig. S1B). The most
significantly upregulated genes Mylk, Ccdc80 and Myh10 and
downregulated genes Cd24, Gfpt2 and Mmd may play important
roles in the differentiation of ADSCs into SCs (Supplementary Fig.
S10). KEGG pathway analysis revealed the participation of
differentially expressed genes in multiple cellular signalling path-
ways, including the focal adhesion and proteoglycan signalling
pathways that are involved in the regulation of cell motility
(Supplementary Fig. S2A). Gene Ontology analysis revealed a
significant change in the Notch signalling pathway, with functional
protein-coding genes, including Jag1 and Hes1, expressed at lower
levels in differentiated and primary cultured ADSCs (Supplementary
Fig. S2B, C). The small noncoding RNA analysis also identified 175
miRNAs (169 upregulated and 6 downregulated) that were
differentially expressed in primary cultured ADSCs compared with
SC-like cells differentiated from ADSCs (Supplementary Fig. S3A).
Target prediction using TargetScan for these differentially expressed
miRNAs indicated that they may be upstream regulatory factors in
the Notch pathway (Supplementary Fig. S3B and Supplementary
Table S1), further suggesting the importance of this pathway in the
process of ADSC differentiation into SCs.

Verification of RNAseq results
We examined the intrinsic mRNA expression of DEGs involved in
the Notch signalling pathway using RNAseq to determine the
potential importance of the Notch pathway in ADSC differentia-
tion into SCs. Among known negative regulators, we observed the
downregulation of Jag1, which encodes a Notch ligand, and Hes1
in rat ADSCs cultured in differentiation medium (Fig. 4A).
Consistent with their transcript levels, Jagl and Hes1 proteins
were essentially undetectable in ADSCs after differentiation
induction, consistent with the sequencing results (Fig. 4B, C).
Following target prediction using TargetScan, the expression of
several upregulated miRNAs that may target these Notch
signalling molecules (Supplementary Table S1) was also verified
to increase significantly after differentiation induction (Fig. 4D),
showing an obvious negative correlation with the Notch pathway.
We further investigated the functions of the Notch pathway in
ADSC differentiation by inhibiting Notch1 with tangeretin. ADSCs
were differentiated in the absence or presence of tangeretin, a
Notch inhibitor, for a period of 2 weeks and then assessed using
immunocytochemistry and western blot analysis for the expres-
sion of glial GFAP and S100 proteins. We observed a more
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pronounced contraction and more elongated protrusions in
induced ADSCs incubated with the Notch1 inhibitor, indicating
enhanced differentiation into SCs (Fig. 4E). The addition of
tangeretin efficiently promoted the expression of the S100 mRNA
in SCs, whereas this treatment did not alter GFAP levels (Figs. 4F
and 5), suggesting the negative regulatory effect of the Notch
pathway on ADSC differentiation into SCs.

miR-21-5p inhibits the Notch signalling pathway by targeting
Jag1 and regulates the differentiation of ADSCs into SCs

The binding sites for miR-21-5p in the 3-UTR of Jag1l were
predicted by TargetScan, as shown in Fig. 6A, and the
corresponding plasmids were prepared. We tested the binding
of miR-21-5p by performing a dual luciferase reporter assay to
validate the prediction. As shown in Fig. 6B, the luciferase signal of
the wild-type Jag1 3"-UTR plasmid was significantly reduced by
the addition of miR-21-5p, strongly suggesting that miR-21-5p
bound to the 3'-UTR of Jag1. Furthermore, the formation of the
complex of miR-21-5p and the Jag1 3'-UTR was confirmed by RIP
pulldown of Ago2 (Fig. 6C). gRT-PCR and western blotting were
applied to measure the levels of miR-21-5p and the Jag1 protein,
respectively. As shown in Fig. 6D, miR-21-5p mimics increased the
miR-21-5p level by over three-fold, and the miR-21-5p inhibitor
reduced its level. Regarding the level of the Jag1 protein, the miR-
21-5p mimics, which increased the miR-21-5p level, reduced the
Jag1 level, while the miR-21-5p inhibitor increased Jag1 levels, as
shown in Fig. 6E, indicating the regulatory effect of miR-21-5p on
the Jag1 protein level. All these data revealed that miR-21-5p
directly targeted and negatively regulated Jag1 expression.

We further investigated the effect of miR-21-5p on the
differentiation of ADSCs into SC-like cells by establishing stable
Jagl-transfected ADSC lines and added miR-21-5p mimics during
the induction process. Jag1 overexpression increased the expres-
sion levels of proteins in the Notch pathway and reversed the
inhibitory effect of miR-21-5p on the Notch pathway (Fig. 7A, B).
Treatment with miR-21-5p mimics decreased Jag1 protein levels
and facilitated the differentiation of ADSCs into SC-like cells. The
effect was confirmed by the upregulation of C-myc and OCT4 and
the downregulation of SOX2 and KLF4, as measured using western
blotting (Fig. 7C, D). The ELISA results showed that overexpression
of miR-21-5p inhibited B-NGF, BDNF, IL-6 and NCAM expression,
but Jagl overexpression neutralised this effect, explaining the
functions of miR-21-5p and Jag1 in the cell differentiation process
(Supplementary Fig. S4). Overall, miR-21-5p was involved in the
differentiation of ADSCs into SC-like cells by downregulating Jag1
levels and regulating the downstream Notch pathway.
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Fig. 4 Verification of RNAseq results. A The mRNA levels of Jag1 and Hes1 in differentiated and primary cultured ADSCs were detected using
gRT-PCR. B Western blots showing levels of the Jag1 and Hes1 proteins in differentiated and primary cultured ADSCs. C Immunofluorescence
staining for Jag1, Notch1 and Hes1 in differentiated and primary cultured ADSCs. D The expression levels of let-7-5p, miR-30-5p, miR-34-5p
and other representative miRNAs in differentiated and primary cultured ADSCs were detected using qRT-PCR. E Morphology of differentiated
and primary cultured ADSCs treated with or without the Notch1 inhibitor tangeretin. F The mRNA levels of GFAP, S100, SOX2, c-Myc, OCT4 and
KLF4 in differentiated and primary cultured ADSCs treated with or without the Notch1 inhibitor tangeretin were detected using qRT-PCR.

DISCUSSION

ADSCs are increasingly used in tissue engineering strategies
aimed at developing peripheral nerves for reconstructive and
regenerative therapies. Despite the remarkable potential har-
boured within ADSCs, signalling mechanisms controlling ADSCs
are poorly understood. In the present study, we successfully
induced ADSCs to differentiate into SC-like cells. Furthermore, we
elucidated the molecular mechanism by which the Notch
signalling pathway mediates this differentiation process using
RNAseq for the first time.

ADSCs are multipotent stem cells derived from adipose tissue
that exhibit a morphology and multilineage differentiation
potential similar to BMSCs**?”. On the other hand, ADSCs have
many advantages over BMSCs in the study of tissue engineering,
including extensive sources, greater accessibility, easier culture
and expansion and stronger multilineage differentiation poten-
tial®®. Previous studies have shown that ADSCs differentiate into
SC-like cells under appropriate induction conditions'’ 2. For
ADSCs to become ideal cells for tissue engineering, they must
generate a sufficient number of functional and high-quality neural
cells. Therefore, we induced and differentiated ADSCs into SC-like

Laboratory Investigation (2022) 102:320-328

cells using solutions that contained small molecules, growth
factors and cytokines. This approach represents an improvement
over some of the existing methods in which a single inducer was
applied several times®?. The four transcription factors SOX2, OCT4,
C-myc and KLF4 that are required to induce mouse embryonic and
adult fibroblasts into pluripotent stem cells*® were differentially
expressed in our differentiated ADSCs, suggesting the successful
differentiation of ADSCs into SC-like cells. According to the degree
of SC differentiation, SCs were divided into SC precursor,
myelinating SC and non-myelinating SC3°72, The SC markers of
different differentiation degrees are different. The expression level
of C-myc and OCT4 was exclusively observed in cultivated sciatic
SC and not in freshly isolated sciatic nerves®, suggesting that the
pluripotency factors C-myc and OCT4 were increased in
cultured SCs.

We subsequently performed RNAseq and transcriptome ana-
lyses to assess differentially expressed genes between primary
cultured ADSCs and SC-like cells emerging upon ADSC differentia-
tion. The global gene expression analysis showed that a large
group of genes was differentially expressed between primary
cultured and differentiated ADSCs. Our KEGG and GO analyses
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Fig. 5 The effect of Notch pathway on ADSC differentiation into SCs. The protein levels of GFAP, S100, SOX2, c-Myc, OCT4 and KLF4 in
differentiated and primary cultured ADSCs treated with or without the Notch1 inhibitor tangeretin were detected using immunofluorescence.
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Fig. 6 miR-21-5p targets Rbpj. A The binding site for miR-21-5p in the Rbpj 3'UTR predicted by TargetScan. B Luciferase reporter activity of
H293 cells transfected with control, miR-NC+3'UTR-WT, miR-21-5p+3’'UTR-WT, miR-NC+3'UTR-Mut and miR-21-5p+3'UTR-Mu. C Interaction
between miR-21-5p and Jag1 detected using RIP. D The expression levels of miR-21-5p were detected using qRT-PCR. E Jag1 protein levels
detected using western blotting.

further revealed the involvement of the Notch signalling pathway
in the differentiation of ADSCs into SCs.

Based on accumulating evidence, Notch signalling functions at
different stages of SC development, acting both on neural crest
stem cells** and mediating the generation of immature SCs from the
precursor stage®. The addition of recombinant jagged1, an activator
of Notch, to rat nerves after injury improves nerve regeneration and
functional recovery®. Thus, the stimulation of Notch signalling in
SCs might represent an interesting therapeutic strategy to efficiently
promote nerve repair. Notch signalling pathways also contribute to

SPRINGER NATURE

the maintenance, regulation and differentiation of ADSCs obtained
from mature adipose tissue. Specifically, inhibition of Notch
signalling alters the ability of ADSCs to differentiate into various
cell types, including adipogenic, osteogenic and neurogenic
lineages**”~*!. On the other hand, activation of Notch signalling
has been shown to inhibit the adipogenic differentiation of adipose-
derived mesenchymal stem cell clones*2.

We analysed the binding site of miR-21-5p to further explain the
molecular mechanism and validate the RNAseq results and found
that it targeted the 3’-UTR of Jag1l. Subsequently, experiments
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Fig. 7 miR-21-5p inhibits the Notch signalling pathway and regulates the differentiation of ADSCs into SCs by targeting Rbpj. A The
expression levels of Jag1 and Hes1 after the transfection of lentiviral expression plasmids into ADSCs, SCs, SCs + miR-21-5p mimics, SCs +
Jag1 overexpression plasmid (pcDNA3.1-Jag1) and SCs + miR-21-5p mimics + Jag1 overexpression plasmid were detected using qRT-PCR.
B The corresponding levels of the Jag1 and Hes1 proteins in the indicated groups detected using western blotting. C The expression levels of
SOX2, C-myc, OCT4 and KLF4 in the indicated groups were detected using gRT-PCR. D The corresponding levels of the SOX2, C-myc, OCT4 and
KLF4 proteins in the indicated groups were detected using western blotting.

were designed, and the results confirmed the binding of miR-21-
5p to Jagl and subsequent regulation of its expression. Jag1
overexpression eliminated the regulatory function of miR-21-5p.
These results prompted the hypothesis that miR-21-5p regulates
Jagl and then the Notch pathway. The differentiation of ADSCs
into SC-like cells confirmed this hypothesis and provided a
complete picture of the miR-21-5p regulatory pathway in the
process.

In our study, important genes involved in the Notch signalling
pathway, including Notch3-4, Jagged1-2 and Hesl, were
differentially expressed in differentiated and primary cultures of
ADSCs, as determined using RNA sequencing. qRT-PCR analyses
further confirmed the upregulation of Notch1 and the down-
regulation of Jagged1l and Hes1 in differentiated ADSCs. In
addition, inhibition of Notch activation with tangeretin, which
prevents processing of the Notch receptor, upregulated C-myc
and OCT4 expression and downregulated SOX2 and KLF4
expression in differentiated ADSCs. According to these data, the
Notch signalling pathway plays an important role in maintaining
ADSCs in a quiescent state, and the inhibition of this signalling
pathway may induce ADSCs to differentiate into SCs.

Identification of Notch signalling as a critical pathway might lead
to pragmatic clinical applications in peripheral regenerative
therapeutics. In the future, in vivo experiment to elucidate the

Laboratory Investigation (2022) 102:320-328

actual contribution the SCs differentiated from ADSCs to injured
peripheral nerve tissue regeneration will be performed as one of our
research directions. In addition, further studies are warranted to
reveal the regulatory mechanism of noncoding RNAs during the
differentiation process, as emerging evidence suggests the involve-
ment of miRNAs in the regulation of the osteogenic and adipogenic
differentiation of ADSCs'®*. Moreover, miRNAs have been shown to
modulate the Notch signalling pathway in the cardiac differentiation
of MSCs and in human gliogenesis**. These studies will provide
novel insights into how Notch accurately regulates ADSC transdif-
ferentiation into neural cells and will elucidate common mechan-
isms underlying Notch pathway regulation.
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