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. Differentiation of oligodendrocyte
precursor cells into oligodendrocytes
can be improved by inhibiting signaling
pathways such as Wnt and Notch.

. Despite studies confirming the
positive effects of 9-cis-retinoic acid
and 1,25(0H),D, on differentiation, the
inhibitory effects of these compounds
on signaling pathways have yet to be
investigated.

. Two distinct mechanisms for the
differentiation of neural stem cells into
oligodendrocytes by 9-cis-retinoic acid
and 1,25(0H),D, are recommended.

. 9-cis-retinoic acid and 1,25(0H),D,
inhibit the Notch and Wnt signaling
pathways through the downregulation
of the HES5 transcription factor and the
LRP6 co-receptor, respectively.
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Abstract

Background: Differentiating oligodendrocyte precursor cells
(OPCs) into oligodendrocytes could be improved by inhibiting
signaling pathways such as Wnt and Notch. 9-cis-retinoic acid
(9-cis-RA) and 1,25-dihydroxyvitamin D, (1,25[OH],D,) can
ameliorate oligodendrogenesis. We investigated whether they
could increase oligodendrogenesis by inhibiting the Wnt and
Notch signaling pathways.

Methods: Cortical neural stem cells were isolated from 14-day-
old rat embryos and cultured using the neurosphere assay. The
cells were treated in 4 different conditions for 1 week: the
negative control group received only the basic fibroblast growth
factor, the positive control group received only T, without growth
factors, the RA group was treated with 9-cis-RA, and the Vit D,
group was treated with 1,25(OH),D,. The effects of 9-cis-RA
and 1,25(OH),D, on the level of the myelin basic protein (MBP)
and the gene expression of the SOX10, MBP gene, HESS, and
LRP6 were studied using flow cytometry and real-time PCR.
The data were analyzed using one-way ANOVA with GraphPad
Prism. A P value less than 0.05 was considered significant.
Results: The mRNA expressions of the SOX10, MBP, and
MBP gene were significantly increased in the treated groups
compared with the negative control group; the increase was
similar in the 9-cis-RA group and the positive control group.
Furthermore, 9-cis-RA significantly decreased the expression of
the HESS5 gene, a Notch signaling pathway transcription factor,
and 1,25(0OH),D, significantly reduced the expression of the
LRP6 gene, a Wnt signaling pathway co-receptor.

Conclusion: It seems that 9-cis-RA and 1,25(0OH),D, are
good candidates to improve the differentiation of OPCs into
oligodendrocytes.
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Introduction

Multiple sclerosis is a demyelinating disorder which causes
severe disability in patients due to loss of myelin sheaths around
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axons as a result of the injury or death of adult
oligodendrocytes.! During the development of
glial cells, oligodendrocytes differentiate from
oligodendrocyte precursor cells (OPCs) through
the involvement of special intrinsic transcription
factors such as oligodendrocyte transcription
factor 2 (OLIG2), Nkx-2.2, and Sry-related HMg-
Box gene 10 (SOX10); in addition, some inhibitory
signaling pathways including Wnt and Notch,
which are the result of their final performance,
play critical roles in OPC differentiation into
oligodendrocytes and the myelination process.?®
The Whnt signaling pathway is initiated by binding
the Wnt family proteins to a cell-surface receptor,
Frizzled, and a co-receptor, low-density lipoprotein
receptor-related protein 5/6 (LRP5/6). Activating
this pathway through the suppression of the myelin
basic protein (MBP) inhibits the differentiation
of oligodendrocytes.®® Notch is another crucial
signaling pathway that represses the differentiation
of oligodendrocytes through the activation of the
transcription factor HES family BHLH transcription
factor 5 (HES5), which binds to the SOX10 gene
promoter and suppresses its expression.°

Despite the inhibitory signaling pathways such
asWntandNotch,endogenous OPCdifferentiation
is enhanced by 9-cis-retinoic acid (9-cis-RA) and
1,25-dihydroxyvitamin D, [1,25(0OH),D,] as has
been shown in recent research for remyelination
therapies.'®' 9-cis-RA is an important metabolite
of retinoids that controls many biological events
such as immunomodulation, proliferation, and
differentiation via binding to the retinoid X receptor
(RXR)."? Moreover, it has been found that the
RXR signaling pathway induces the maturation of
OPCs and eventually results in remyelination. >
Furthermore, it has been demonstrated that poor
vitamin D intakes and low blood levels of vitamin
D metabolites are associated with increased
risk of multiple sclerosis.! Recently, it has been
reported that the vitamin D, receptor (VDR)
is expressed in neural stem cells (NSCs) and
1,25(0H),D, increases NSC differentiation into
oligodendrocytes.®

For all the studies confirming the positive effects
of 9-cis-RA and 1,25(0H),D, on the differentiation
of oligodendrocytes, the inhibitory effects of these
components on signaling pathways have yet to be
thoroughly explored. The present study, therefore,
sought to examine the effects of 9-cis-RA and
1,25(0OH),D, on the inhibition of the Wnt and
Notch signaling pathways in oligodendrogenesis.

Materials and Methods

Neurosphere Assay
NSCs were harvested from the cortex of
E14 rat embryos and expanded by using the
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neurosphere assay.'® Briefly, the pregnant rats
were anesthetized and 8 to 10 embryos were
removed. Next, their brain cortex was dissected
and cut into small pieces. The dissected
tissues were dissociated into single cells, and
a pool was prepared and resuspended in a
complete NSC medium, containing DMEM/
F12 (GIBCO, Carlsbad, CA, USA), 1% N2,
and 2% B-27 (GIBCO, Carlsbad, CA, USA)
supplements. Subsequently, the cells were
plated at 2x10° cells/mL in 5 mL of the complete
medium, supplemented with 10 ng/mL of the
basic fibroblast growth factor (bFGF) (Sigma-
Aldrich, MO, USA) and 2 ug/mL of heparin
(Sigma-Aldrich, MO, USA). T25 flasks were
incubated at 37 °C and 5% CO, for 5 to 7 days
to generate neurospheres. Subsequently, the
shape and appearance of the neurospheres
were studied (figure 1). All the protocols of the
study were approved by the Institutional Animal
Ethics Committee of Shiraz University of Medical
Sciences (Shiraz, Iran) (IR.SUMS.REC). The
animals were kept in a temperature-controlled
condition (2412 °C) with a 12-hour light/dark
alternating cycle and free access to water and
standard diet."”

Alamar Blue Assay

A cell viability test using the Alamar blue
reagent was carried out to evaluate the
cytotoxicity of the 9-cis-RA (Sigma-Aldrich, MO,
USA) and 1,25(0H),D, (Sigma-Aldrich, MO,
USA). Appropriate cell density was assessed by
coating microtiter wells with 200 ug/mL of poly-
D-lysine and then adjoining a serial density of
the cells (5-30%10° cells/mL) to each well. Next,
10% Alamar blue (Sigma-Aldrich, MO, USA)
was added and absorbance was measured at

Figure 1: Differentiation and morphological maturation of the
oligodendrocyte precursor cells in different culture conditions
after 7 days. A) Negative control; B) Positive control; C) Vitamin
D3 group; D) Retinoic acid group. Scale bar: 100 pm.
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590 nm after 2 hours. Subsequently, the cells at
an optimal density were seeded in microtiter wells
with different concentrations of 9-cis-RA (0.1,
0.5,1,5, 10, and 20 uM) and 1,25(0H),D, (12.5,
25, 50, 100, 200, and 400 nM) for 7 days. Finally,
the optimal concentration of the mentioned
compounds was measured using the IC50 curve.

Differentiation Assay

The in vitro differentiation of the NSCs into
oligodendrocytes was induced by seeding
a single cell suspension at a density of
5x10% cells/L on 24-well plates coated with
poly-D-lysine (Sigma-Aldrich, MO, USA). First,
the cells were cultured in a complete medium,
including the bFGF (10 ng/mL) and the platelet-
derived growth factor (30 ng/mL, Sigma-Aldrich,
MO, USA) for 24 hours, which was then replaced
with a growth factor-free medium and treated in
4 different conditions for 1 week.® There were 4
groups in the present study. A negative control
group, which received only the bFGF; a positive
control group, which received only 30 ng/mL of
T, (Sigma-Aldrich, MO, USA); a group treated
with 20 uM of 9-cis-RA; and a group treated with
200 nM of 1,25(0OH),D,.

Flow Cytometry

The expression of the MBP was evaluated by
removing the media and then adding a trypsin-
EDTAsolution (GIBCO, Grand Island, NY, USA) to
the plates in order to detach the cells after the cells
had grown sufficiently in the groups. The enzyme
activity of trypsin was counteracted by subjoining
a soybean trypsin inhibitor (Sigma-Aldrich, MO,
USA) and centrifuging the cells. First, the cells
were fixed with a 2% paraformaldehyde solution
for 15 minutes and then they were washed 3 times
with phosphate-buffered saline.® Subsequently,
the cells were stained with a diluted rabbit anti-
MBP antibody (Abcam, UK, 1:500) overnightin a
refrigerator. Afterward, the cells were rewashed
and incubated with a diluted Alexa-Fluor 488
goat anti-rabbit secondary antibody (Eugene,
OR, USA, 1:1000) for 45 minutes in the dark.
Finally, the cells were resuspended in 300 pL of
phosphate-buffered saline and flow cytometry
was carried out using a FACSCalibur System.
The data were collected and analyzed using the

FlowJo 7.6 software. According to flowcytometry
histograms, the percentage of the positive cells
that expressed the MBP was calculated and
then the data were entered into the GraphPad
Prism 6.01 software and quantitatively compared
between the groups.

RNA Extraction and Quantitative Real-Time
Polymerase Chain Reaction (PCR)

Total RNA was extracted using the bioZOL
reagent (BioFlux, Japan). Contamination was
eliminated from the samples by treating total RNA
(2 pg) with a deoxyribonuclease (Fermentas,
Burlington, Canada). Complementary DNA
(cDNA) was prepared by using a reverse
transcriptase in 20 uL of the final reaction volume
(Fermentas, Burlington, Canada). Real-time
PCR was performed using the ABI real-time PCR
7500 system. Primers for the glyceraldehyde
3-phosphate dehydrogenase (GAPDH), HES5,
LRP6, SOX10, and MBP genes were designed
using the AllelelD software. Their specificity
was checked by Primer-BLAST at the NCBI
database. The sequences of the specific primers
utilized for gene expression in the current study
and their fragment sizes (base pair [bp]) are
listed in table 1. The PCR reaction components
included 2 L of cDNA, 1 pL of both forward and
reverse primers, and 12.5 yL of SYBR Green
Master Mix (Amplicon, Denmark) in a total
volume of 25 pL. PCR cycling parameters were
done in 40 cycles as follows: initial denaturation
at 95°C for 15 minutes, denaturation at 95°C
for 15 seconds, annealing at 55 to 60°C for
1 minute, and extension at 72°C for 30 seconds.
The efficiency of the real-time PCR reaction was
calculated from the slope of the standard curve.
The effects of 9-cis-RA and 1,25(0OH),D, on the
expression levels of the SOX10, MBP, HES5, and
LRP6 genes were investigated by determining
the relative amounts of their transcripts from the
ACt and 22T formula. The GAPDH gene was
regarded as the internal normalization control.

Immunofluorescence Staining
Immunofluorescence staining was performed
with specific antibodies against beta-tubulin
and Gilial fibrillary acidic protein (GFAP), which
are protein markers for neuron and astrocyte,

Table 1: Primer sequences used for quantitative real-time polymerase chain reaction

Primer Forward Reverse Size (base pair)
SOX10 5'-CTGAACGAGACAAG-3 5-AACAACCTCTTCGTCCGTAC-3’ 198

GAPDH 3-CTTGTCTCGTTCAG-5 3-CGAAGGTGGAAGAGTGAGT-5 112

MBP 5-CGGCTCACAAGGGATTCAAGG-3 5-AGGGCAGGATTCGGGAAGG-3’ 145

HES5 3-GCTCGCCAATCGCCTCCAG-5 3'-ACGCATCTTCTCCACCACCG-5’ 115

LRP6 3-GTAGTTGGAGGCTTGGAGGAT-5 3-TAATGGCTTCTTCGCTGACG-5’ 91
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respectively, in order to ensure that the cells
in the studied groups were differentiated into
oligodendrocytes.

Statistical Analysis

All the experiments were done in triplicate.
The data were analyzed with the GraphPad
Prism software (version 6.01, San Diego, CA,
USA) using one-way ANOVA, followed by the
Tukey post-hoc test, after the normality and
homogeneity of the variance test were checked.
The values were represented as mean + standard
error of the mean (SEM), and a P value less than
0.05 was considered the level of significance
between the groups.

Determining the Optimal Concentrations of
9-cis-RA and 1,25(0H) D, for the Treatment of
the NSCs

The nontoxic concentrations of 9-cis-RA
and 1,25(0H),D, were evaluated using the
Alamar blue cell viability assay. Based on our
results, the optimal concentrations of 9-cis-RA
and 1,25(0OH),D, were 20 uM and 200 nM,
respectively, for 1 week’s treatment.

Morphological Changes in the Cells

The differentiation and morphological
maturation of the OPCs in the different culture
conditions are depicted in figure 1. According to
theimages, while the process of the differentiation
of the cells was similar in the positive control,
RA, and vitamin D, groups, the process was
different in the negative control group.

Effects of 9-cis-RA and 1,25(0H),D, on the
mRNA Expression of the SOX10 and MBP
Genes

The oligodendroglial differentiation potential
of 9-cis-RA and 1,25(0H),D, in the treated
OPCs was determined by examining the
changes in the mRNA expression of the SOX10
and MBP genes. As is illustrated in figure 2, the
expression level was increased significantly
in all the groups compared to the negative
control group and also the expression level
was significantly different between the RA and
vitamin D, groups (P<0.001). Interestingly, the
expression level was increased significantly
only in the RA group, similar to the positive
control group, which revealed that 9-cis-RA and
1,25(0OH),D, had remarkable effects on OPC
maturation. However, 9-cis-RA probably played
a more prominent role in the differentiation
process.
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Effects of 9-cis-RA and 1,25(0H),D, on the
Expression of the MBP

GFAP* and beta-tubulin* cells were not
observed in the positive control, RA, and vitamin
D, groups. Accordingly, our results showed
that the differentiated cells were specifically
oligodendrocytes producing myelin cells. (Data
are not shown.) Then, the level of the MBP in
the different groups was assessed via flow
cytometry to further confirm the results obtained
at the mRNA level. As is shown in figures 3 and
4A, the amount of the MBP was significantly
different in the positive control, RA, and vitamin
D, groups compared to the negative control
group (P<0.001). Our findings demonstrated that
although the amount of the protein was increased
in all the treated groups, it was relatively high in
the RA group compared to the vitamin D, group.
Interestingly, the protein level in the RA group
was similar to that of the positive control group
treated with T,.

Effects of 9-cis-RA and 1,25(0H),D,on the
Notch Signaling Pathway

Treatment with 9-cis-RA and 1,25(OH),D,
showed that the mRNA expression level of
HES5 was significantly reduced in the positive
control and RA groups compared to that of
the negative control and vitamin D, groups
(P<0.001) (figures 2A and 4B, 4C). Moreover,
there was no significant difference between
the positive control and RA groups. These data
suggested that RA might be able to increase the
differentiation of oligodendrocytes through the
suppression of the Notch signaling pathway via
the inhibition of HES5 expression.

Effects of 9-cis-RA and 1,25(0H),D, on the Wnt
Signaling Pathway

As is demonstrated in figures 2A and 4B,
4D, the mRNA expression level of the LRP6
gene was significantly decreased only in the
positive control and vitamin D, groups compared
to the negative control group (P<0.001). The
expression level found in the positive control and
vitamin D, groups was not significantly different.
These findings suggested that 1,25(0H),D,
might enhance oligodendrocyte differentiation
by repressing the Wnt signaling pathway through
the downregulation of the LRP6 gene.

The current study for the first time showed that
9-cis-RA might induce the differentiation of
NSCs into oligodendrocytes via more or less the
same mechanisms as T,, while 1,25(0H),D, was
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Figure 2: Effects of 9-cis-retinoic acid (9-cis-RA) and 1,25-dihydroxyvitamin D3 [1,25(0OH),D,] on the mRNA expression of the Sry-
related HMg-Box gene 10 (SOX10) and myelin basic protein (MBP) genes in the different groups. A) Real time-polymerase chain
reaction (RT-PCR) data: NC, Negative control; PC, Positive control; Vit D,, Group treated with 1,25(0OH),D,; RA, Group treated
with retinoic acid. B and C) RT-PCR analyses for the SOX10 and MBP genes, respectively (**P<0.01 and P<0.001 ***indicate]
significant differences between the groups.) Data are given as mean+SEM, n=3.
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Figure 3: Representative flow cytometry histograms, showing the expression of the myelin basic protein (MBP) in the differen

culture conditions after 7 days. A) Negative control; B) Positive control; C) Group treated with retinoic acid (RA); D) Vitamin D,
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Figure 4: Effects of 9-cis-retinoic acid (9-cis-RA) and 1,25-dihydroxyvitamin D3 [1,25(0OH),D,] on the mRNA expression of the
HES family BHLH transcription factor 5 (HES5) and low-density lipoprotein receptor-related protein 6 (LRP6) genes as well as|
the myelin basic protein (MBP) in the different groups. A) Percentage of the MBP positive cells in the different treated groups;
B) Real-time polymerase chain reaction (RT-PCR) data: NC, Negative control; PC, Positive control; Vit D3, Group treated with|

1,25(0OH)2D3; RA, Group treated with retinoic acid (RA); C and D) RT-PCR analyses for the HES5 and LRP6 genes, respectively|

(**P<0.01 and P<0.001*** indicate significant differences between the groups). Data are given as mean+SEM, n=3.

less potent in oligodendrocyte differentiation
compared to 9-cis-RA and evidently acted
through different mechanisms.

According to our results, after we treated
the NSCs with both 9-cis-RA and 1,25(0OH),D,,
the expression level of SOX10, the late marker
of OPC maturation, was upregulated and there
was a rise in the expression level of the MBP.
Moreover, the effects of RA treatment were almost
identical to those in the positive control group,
whereas, vitamin D, treatment was not as potent
as RAtreatment. Likewise, previous research has
demonstrated that 9-cis-RA activates the RXR
signaling pathway to improve OPC maturation in
vitro and also remyelination in vivo.**® Yang et al."
reported that the injection of exogenous RAin their
study was able to accelerate OPC differentiation
into oligodendrocytes through the RXR-y
signaling pathway. Further, the RXR, which has
an important role in the nuclear receptor family,
is involved in regulating the expression of target
genes through the heterodimer with other nuclear
receptors such as peroxisome proliferator—
activated receptors (PPARs) and the VDR.'8'®
Moreover, it has been demonstrated that PPARs
play a role in oligodendroglial differentiation
via the upregulation of the OLIG1 and OLIG2
genes.® Except for the RXR-VDR complex,
transcription can be activated through PPARs
even when an RXR ligand agonist like 9-cis-RA
exists alone.'® This mechanism may explain why
9-cis-RA exhibits a better differentiation potential
by comparison with 1,25(0H),D,.
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However, other studies have shown that
9-cis-RA can assist the differentiation of
NSCs into neurons.?® So far, the molecular
mechanisms whereby different conditions of RA
affect the differentiation of NSCs have remained
unclear.2'??  Oligogenic versus neurogenic
outcomes could be attained depending on the
concentrations of 9-cis-RA used in different
studies or cross talk with several signaling
pathways.?!-24

Regarding the effects of 1,25(0OH),D, on
oligodendrogenesis, it has been reported that
signaling through the VDR-RXR heterodimer
may influence OPC differentiation and the VDR
agonists may accelerate OPC differentiation.?
In addition, it has been shown that 1,25(0OH),D,
increases the expression of the VDR and
accelerates the differentiation of NSCs into
oligodendrocytes after 14 days.™ Nonetheless,
the low potent effects of 1,25(0OH),D, in
comparison to 9-cis-RAmay have been due to the
inappropriate concentrations of 11,25(0H),D,,
the time of incubation, or the less involvement of
the signaling pathways.

From another point of view, the Wnt and
Notch signaling pathways have a prominent role
in managing the proliferation and differentiation
of stem cells.?® To the best of our knowledge,
the effects of 9-cis-RA and 1,25(0OH),D, on the
Wnt and Notch inhibitory signaling pathways
in OPC differentiation have not been studied
yet. Apropos the Wnt and Notch pathways,
literature shows that both have a negative role
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in the differentiation of OPCs in patients with
multiple sclerosis.®?” Interestingly in the present
study, we found that 9-cis-RA inhibited the Notch
signaling pathway in the OPC lineage cells by
downregulating the HES5 gene, while it exerted
no effect on the Wnt signaling pathway.

In concordance with our results, it has been
shown that the RXR signaling pathway can be
involved in gene regulation through coordination
with proteins that interact with nuclear
receptors.’”® Moreover, the nuclear receptor
corepressor is well-known protein in association
with the RXR receptors.?® Recently, it has been
reported that the Notch signaling pathway can
be activated via the recombination binding
protein for the immunoglobulin kappa J region-
mediated transcription, which co-operates with
the nuclear receptor corepressor 2 protein.?%3
This may explain why RA acts more through the
Notch signaling pathway.

In line with this finding, it has been shown that
all-trans RA can repress neurosphere growth
and induce the differentiation of glioblastoma
stem cells as evidenced by the downregulation
of HES2, HEY1, and HEY2, which are the targets
of the Notch signaling pathway.®? Conversely,
Young et al.® used RNA sequencing and
showed that long-term in vitro treatment with
9-cis and all-trans RA increased the expression
of the negative regulators of oligodendrocyte
differentiation such as HES5. Furthermore,
Green and colleagues®* demonstrated that
the use of RA receptor agonists in osteogenic
cultures was able to augment the expression
of the Wnt antagonist, secreted frizzled-related
protein 4, and ultimately lead to the inhibition of
this signaling pathway.

Our findings also demonstrated that
1,25(0OH),D, suppressed the Wnt signaling
pathway through inhibiting the expression of
the LRP6 gene. In agreement with our results,
it has been found that 1,25(0OH),D, influences
the binding site of the VDR inside the LRP5
gene locus and, thus, increases the expression
of LRP5 and improves the differentiation of
osteoblast cells.® Moreover, numerous studies
have reported that 1,25(0OH),D, counteracts
the Wnt signaling pathway by attenuating the
transcription of B-catenin or it can translocate
it from the nucleus to the plasma membrane in
colon cancer cells.®*®% In disagreement, it has
been reported that 1,25(0OH),D, plays a role
in the upregulation of the Wnt pathway, which
enhances the differentiation of hair follicle and
bone formation in keratinocytes and osteoblasts,
respectively.®

Based on our results, 1,25(0OH),D, has no
effect on the expression level of the HES5 gene

Iran J Med Sci September 2018; Vol 43 No 5

and, therefore, the Notch signaling pathway.
Nevertheless, only a few studies have explored
the relationship between 1,25(0OH),D, and
the Notch signaling pathway.*® Treatment with
vitamin D, in rodent osteoblasts induces the
transcription factor HES1, the downstream
effector of the Notch pathway, which increases
the expression of osteopontin and consequently
cooperates in bone remodeling.*® In addition,
1,25(0H),D, downregulates the RNA levels of
the Notch ligands in RWPE1 non-tumorigenic
prostate cells, while in human keratinocyte cells
the Notch ligands are not effective.° To the best
of our knowledge, it seems that the association
between RA and 1,25(0OH),D, and the Notch
and Wnt signaling pathways is uncertain and
depends on the type of cells.

In the past decade, the investigation and
recognition of factors that regulate the timing of
oligodendrocyte differentiation were issues of
great interest.?® Although the exact molecular
mechanisms of differentiation have hitherto
remained unknown, it has been revealed that
the process is controlled by transcription factors,
signaling pathways, and their interactions.?
According to our findings, 9-cis-RA and
1,25(0H),D, improve the differentiation of OPCs
through the inhibition of the Notch and Wnt
signaling pathways in vitro, respectively.

First and foremost among the limitations
of the present study is its incubation time
for the treated cells, which unfortunately did
not allow them to survive for more than a
week. The interplay between 9-cis-RA and
1,25(0H),D, and their differentiation potential
in other signaling pathways that inhibit
remyelination should be further explored in
future studies. What is also needed for further
in vivo assays is an experimental autoimmune
encephalomyelitis model of multiple sclerosis.
Unfortunately, material constraints precluded
us from performing the abovementioned
experiments.

Conclusion

Theresults ofthe presentstudy demonstrated that
9-cis-RAand 1,25(0H),D, played effective rolesin
the development of NSCs into oligodendrocytes.
Moreover, 9-cis-RA suppressed the Notch
signaling pathway via the downregulation of the
HESS gene, while 1,25(0OH),D, inhibited the Wnt
signaling pathways via the downregulation of
the LRP6 gene. Given their inhibitory function
in the mentioned signaling pathways, 9-cis-RA
and 1,25(0H),D, seem to be good candidates
for the improvement of OPC differentiation into
oligodendrocytes.

529



Saeb S, Azari H, Mostafavi-Pour Z, Ghanbari A, Ebrahimi S, Mokarram P

Acknowledgment

The present article was extracted from a thesis
written by Saeedeh Saeb and was financially
supported by Shiraz University of Medical
Sciences (grant No. 93-7022).

Conflict of Interest: None declared.

1. OGorman C, Lucas R, Taylor B.

N

w

»

530

Environmental risk factors for multiple
sclerosis: a review with a focus on molecular
mechanisms. Int J Mol Sci. 2012;13:11718-
52. doi: 10.3390/ijms130911718. PubMed
PMID: 23109880; PubMed Central PMCID:
PMCPMC3472772.

Huang H, Zhao XF, Zheng K, Qiu M. Regulation
of the timing of oligodendrocyte differentiation:
mechanisms and perspectives. Neurosci Bull.
2013;29:155-64. doi: 10.1007/s12264-013-
1314-2. PubMed PMID: 23456566; PubMed
Central PMCID: PMCPMC3761796.

RolfL, Damoiseaux J, Hupperts R, Huitinga I,
Smolders J. Network of nuclear receptor
ligands in multiple sclerosis: Common
pathways and interactions of sex-steroids,
corticosteroids and vitamin D3-derived
molecules. Autoimmun Rev. 2016;15:900-
10. doi:  10.1016/j.autrev.2016.07.002.
PubMed PMID: 27395031.

Patel JR, Klein RS. Mediators of
oligodendrocyte differentiation during
remyelination. FEBS Lett. 2011;585:3730-7.
doi: 10.1016/j.febslet.2011.04.037. PubMed
PMID: 21539842; PubMed Central PMCID:
PMCPMC3158966.

Lu HZ, Wang YX, Li Y, Fu SL, Hang Q,
Lu PH. Proliferation and differentiation of
oligodendrocyte progenitor cells induced
from rat embryonic neural precursor cells
followed by flow cytometry. Cytometry A.
2008;73:754-60. doi: 10.1002/cyto.a.20577.
PubMed PMID: 18473382.

Sabo JK, Cate HS. Signalling pathways that
inhibit the capacity of precursor cells for
myelin repair. IntJ Mol Sci. 2013;14:1031-49.
doi: 10.3390/ijms14011031. PubMed PMID:
23296277; PubMed Central PMCID:
PMCPMC3565305.

Shimizu T, Kagawa T, Wada T, Muroyama Y,
Takada S, Ikenaka K. Wnt signaling controls
the timing of oligodendrocyte developmentin
the spinal cord. Dev Biol. 2005;282:397-410.
doi: 10.1016/j.ydbio.2005.03.020. PubMed
PMID: 15950605.

Chew LJ, Shen W, Ming X, Senatorov VV, Jr.,

10.

11.

12.

13.

14.

15.

Chen HL, Cheng, et al. SRY-box containing
gene 17 regulates the Wnt/beta-catenin
signaling pathway in oligodendrocyte
progenitor cells. J Neurosci. 2011;31:13921-
35.d0i:10.1523/JNEUROSCI.3343-11.2011.
PubMed PMID: 21957254; PubMed Central
PMCID: PMCPMC3227525.
KeoughMB, Yong VW.Remyelinationtherapy
for multiple sclerosis. Neurotherapeutics.
2013;10:44-54. doi: 10.1007/s13311-012-
0152-7. PubMed PMID: 23070731; PubMed
Central PMCID: PMCPMC3557365.
KonigR, Stillfried M, Aperdannier P, ClarnerT,
Beyer C, Kipp M, et al. Expression of retinoid
X receptor beta is induced in astrocytes
during corpus callosum demyelination.
J Chem Neuroanat. 2012;43:120-32. doi:
10.1016/j.jchemneu.2012.01.002. PubMed
PMID: 22306550.

Goudarzvand M, Javan M, Mirnajafi-
Zadeh J, Mozafari S, Tiraihi T. Vitamins E and
D3 attenuate demyelination and potentiate
remyelination processes of hippocampal
formation of rats following local injection
of ethidium bromide. Cell Mol Neurobiol.
2010;30:289-99. doi: 10.1007/s10571-009-
9451-x. PubMed PMID: 19768531.

Xu J, Drew PD. 9-Cis-retinoic acid
suppresses inflammatory responses of
microglia and astrocytes. J Neuroimmunol.

2006;171:135-44. doi: 10.1016/j.
jneuroim.2005.10.004. PubMed PMID:
16303184; PubMed Central PMCID:
PMCPMC2825699.

Huang JK, Jarjour AA, Oumesmar BN,
Kerninon C, Williams A, Krezel W, et al.
Retinoid X receptor gamma signaling
accelerates CNS remyelination. Nat
Neurosci. 2011;14:45-53. doi: 10.1038/
nn.2702. PubMed PMID: 21131950; PubMed
Central PMCID: PMCPMC4013508.

Yang XH, Ding Y, Li W, Zhang RY, Wu JL,
Ling EA, et al. Effects of electroacupuncture
and the retinoid X receptor (RXR)
signalling pathway on oligodendrocyte
differentiation in the demyelinated spinal
cord of rats. Acupunct Med. 2017;35:122-32.
doi: 10.1136/acupmed-2016-011134.
PubMed PMID: 27841975; PubMed Central
PMCID: PMCPMC5466916.

Shirazi HA, Rasouli J, Ciric B, Rostami A,
Zhang GX. 1,25-Dihydroxyvitamin D3
enhances neural stem cell proliferation
and oligodendrocyte differentiation. Exp
Mol Pathol. 2015;98:240-5. doi: 10.1016/j.

yexmp.2015.02.004. PubMed PMID:
25681066; PubMed Central PMCID:
PMCPMC4400846.

Iran J Med Sci September 2018; Vol 43 No 5



16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Boosting neural stem-cell differentiation into oligodendrocytes by targeting wnt and notch pathways

AzariH,RahmanM, SharififarS,Reynolds BA.
Isolation and expansion of the adult mouse
neural stem cells using the neurosphere
assay. J Vis Exp. 2010. doi: 10.3791/2393.
PubMed PMID: 21113123; PubMed Central
PMCID: PMCPMC3159587.

Nwozo SO, Lewis YT, Oyinloye BE.
The Effects of Piper Guineense versus
Sesamum Indicum Aqueous Extracts
on Lipid Metabolism and Antioxidants in
Hypercholesterolemic Rats. Iran J Med Sci.
2017;42:449-56. PubMed PMID: 29234177;
PubMed Central PMCID: PMCPMC5722962.
Huang P, Chandra V, Rastinejad F. Retinoic
acid actions through mammalian nuclear
receptors. Chem Rev. 2014;114:233-54.
doi: 10.1021/cr400161b. PubMed PMID:
24308533; PubMed Central PMCID:
PMCPMC3931982.

Campo-Paysaa F, Marletaz F, Laudet V,
Schubert M. Retinoic acid signaling in
development: tissue-specific functions and
evolutionary origins. Genesis. 2008;46:640-
56. doi: 10.1002/dvg.20444. PubMed PMID:
19003929.

Cimini A, Ceru MP. Emerging roles of
peroxisome proliferator-activated receptors
(PPARs) in the regulation of neural stem cells
proliferation and differentiation. Stem Cell
Rev. 2008;4:293-303. doi: 10.1007/s12015-
008-9024-2. PubMed PMID: 18561036.

Tan BT, Wang L, LiS, Long ZY, WuYM, Liu Y.
Retinoic acid induced the differentiation of
neural stem cells from embryonic spinal
cord into functional neurons in vitro. Int J
Clin Exp Pathol. 2015;8:8129-35. PubMed
PMID: 26339381; PubMed Central PMCID:
PMCPMC4555709.

Moyse E, Segura S, Liard O, Mahaut S,
Mechawar N. Microenvironmental
determinants of adult neural stem cell
proliferation and lineage commitment in the
healthy and injured central nervous system.
Curr Stem Cell Res Ther. 2008;3:163-84.
PubMed PMID: 18782000.

Tonge PD, Andrews PW. Retinoic acid directs
neuronal differentiation of human pluripotent
stem cell lines in a non-cell-autonomous
manner. Differentiation. 2010;80:20-30. doi:
10.1016/j.diff.2010.04.001. PubMed PMID:
20427117.

Li H, He Y, Richardson WD, Casaccia P.
Two-tier transcriptional control of
oligodendrocyte differentiation. Curr Opin
Neurobiol. 2009;19:479-85. doi: 10.1016/].
conb.2009.08.004. PubMed PMID: 19740649;
PubMed Central PMCID: PMCPMC2826212.
de la Fuente AG, Errea O, van

Iran J Med Sci September 2018; Vol 43 No 5

26.

27.

28.

20.

30.

31.

32.

33.

Wijngaarden P, Gonzalez GA, Kerninon C,
Jarjour AA, et al. Vitamin D receptor-
retinoid X receptor heterodimer signaling
regulates oligodendrocyte progenitor cell
differentiation. J Cell Biol. 2015;211:975-
85. doi: 10.1083/jcb.201505119. PubMed
PMID: 26644513; PubMed Central PMCID:

PMCPMC4674280.

Wheeler NA, Fuss B. Extracellular
cues influencing oligodendrocyte
differentiation and (re)myelination. Exp
Neurol. 2016;283:512-30. doi: 10.1016/j.
expneurol.2016.03.019. PubMed PMID:
27016069; PubMed Central PMCID:
PMCPMC5010977.

Fancy SP, Baranzini SE, Zhao C, Yuk DI,
Irvine KA, Kaing S, et al. Dysregulation of
the Wnt pathway inhibits timely myelination
and remyelination in the mammalian CNS.
Genes Dev. 2009;23:1571-85. doi: 10.1101/
gad.1806309. PubMed PMID: 19515974;
PubMed Central PMCID: PMCPMC2704469.
Loinder K, Soderstrom M. The nuclear
receptor corepressor (N-CoR) modulates
basal and activated transcription of genes
controlled by retinoic acid. J Steroid Biochem
Mol Biol. 2003;84:15-21. doi: 10.1016/
S0960-0760(03)00007-4. PubMed PMID:
12648520.

Beatus P, Lundkvist J, Oberg C, Pedersen K,
Lendahl U. The origin of the ankyrin repeat
region in Notch intracellular domains is
critical for regulation of HES promoter
activity. Mech Dev. 2001;104:3-20. 10.1016/
S0925-4773(01)00373-2. PubMed PMID:
11404076.

Geisler F, Strazzabosco M. Emerging roles of
Notch signaling in liver disease. Hepatology.
2015;61:382-92. doi: 10.1002/hep.27268.
PubMed PMID: 24930574; PubMed Central
PMCID: PMCPMC4268103.

Ben-Shushan E, Feldman E, Reubinoff BE.
Notch signaling regulates motor neuron
differentiation of human embryonic stem
cells. Stem Cells. 2015;33:403-15. doi:
10.1002/stem.1873. PubMed PMID:
25335858.

Ying M, Wang S, Sang Y, Sun P, LalB,
Goodwin CR, et al. Regulation of
glioblastoma stem cells by retinoic acid: role
for Notch pathway inhibition. Oncogene.
2011;30:3454-67. doi: 10.1038/onc.2011.58.
PubMed PMID: 21383690; PubMed Central
PMCID: PMCPMC3955956.

Kim SY, Kelland EE, Kim JH, Lund BT,
Chang X, Wang K, et al. The influence of
retinoic acid on the human oligodendrocyte
precursor cells by RNA-sequencing.

531



Saeb S, Azari H, Mostafavi-Pour Z, Ghanbari A, Ebrahimi S, Mokarram P

34.

35.

36.

532

Biochem Biophys Rep.2017;9:166-72.
doi: 10.1016/j.bbrep.2016.12.004. PubMed
PMID: 29114585; PubMed Central PMCID:
PMCPMC5632710.

Green AC, Kocovski P, Jovic T, Walia MK,
Chandraratna RAS, Martin TJ, et al. Retinoic
acid receptor signalling directly regulates
osteoblast and adipocyte differentiation
from mesenchymal progenitor cells. Exp
Cell Res. 2017;350:284-97. doi: 10.1016/j.
yexcr.2016.12.007. PubMed PMID:
27964926.

Fretz JA, Zella LA, Kim S, Shevde NK,
Pike  JW. 1,25-Dihydroxyvitamin D3
induces expression of the Wnt signaling
co-regulator LRP5 via regulatory elements
located significantly downstream of the
gene’s transcriptional start site. J Steroid
Biochem Mol Biol. 2007;103:440-5.
doi: 10.1016/j.jsbmb.2006.11.018. PubMed
PMID: 17229572; PubMed Central PMCID:
PMCPMC1868540.

Aguilera O, Pena C, Garcia JM, Larriba MJ,
Ordonez-Moran P, Navarro D, et al. The Wnt
antagonist DICKKOPF-1 gene is induced by
1alpha,25-dihydroxyvitamin D3 associated
to the differentiation of human colon cancer
cells. Carcinogenesis. 2007;28:1877-84.
doi:  10.1093/carcin/bgm094.  PubMed

37.

38.

39.

40.

PMID: 17449905.

Shah S, Islam MN, Dakshanamurthy S,
Rizvi |, Rao M, Herrell R, et al. The molecular
basis of vitamin D receptor and beta-catenin
crossregulation. Mol Cell. 2006;21:799-809.
doi: 10.1016/j.molcel.2006.01.037. PubMed
PMID: 16543149.

Larriba MJ, Gonzalez-Sancho  JM,
Barbachano A, Niell N, Ferrer-Mayorga G,
MunozA. Vitamin D Is a Multilevel Repressor
of Wnt/b-Catenin Signaling in Cancer
Cells. Cancers (Basel). 2013;5:1242-60.
doi:  10.3390/cancers5041242. PubMed
PMID: 24202444; PubMed Central PMCID:
PMCPMC3875938.

Shen Q, Christakos S. The vitamin D
receptor, Runx2, and the Notch signaling
pathway cooperate in the transcriptional
regulation of osteopontin. J Biol Chem.
2005;280:40589-98.  doi:  10.1074/jbc.
M504166200. PubMed PMID: 16195230.
Kovalenko PL, Zhang Z, Cui M, Clinton SK,
Fleet JC. 1,25 dihydroxyvitamin D-mediated
orchestration of anticancer, transcript-level
effects in the immortalized, non-transformed
prostate epithelial cell line, RWPE1. BMC
Genomics. 2010;11:26. doi: 10.1186/1471-
2164-11-26. PubMed PMID: 20070897;
PubMed Central PMCID: PMCPMC2820456.

Iran J Med Sci September 2018; Vol 43 No 5



