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Abstract: Oligodendrocyte precursor cells (OPCs) serve as progenitor cells of terminally differen-
tiated oligodendrocytes. Past studies have confirmed the importance of epigenetic system in OPC
differentiation to oligodendrocytes. High mobility group A1 (HMGA1) is a small non-histone nu-
clear protein that binds DNA and modifies the chromatin conformational state. However, it is still
completely unknown about the roles of HMGA1 in the process of OPC differentiation. In this study,
we prepared primary OPC cultures from the neonatal rat cortex and examined whether the loss- and
gain-of-function of HMGA1 would change the mRNA levels of oligodendrocyte markers, such as
Cnp, Mbp, Myrf and Plp during the process of OPC differentiation. In our system, the mRNA levels of
Cnp, Mbp, Myrf and Plp increased depending on the oligodendrocyte maturation step, but the level
of Hmga1 mRNA decreased. When HMGA1 was knocked down by a siRNA approach, the mRNA
levels of Cnp, Mbp, Myrf and Plp were smaller in OPCs with Hmga1 siRNA compared to the ones in
the control OPCs. On the contrary, when HMGA1 expression was increased by transfection of the
Hmga1 plasmid, the mRNA levels of Cnp, Mbp, Myrf and Plp were slightly larger compared to the
ones in the control OPCs. These data may suggest that HMGA1 participates in the process of OPC
differentiation by regulating the mRNA expression level of myelin-related genes.

Keywords: cell differentiation; epigenetic regulator; HMGA1; oligodendrocyte precursor cell

1. Introduction

The oligodendrocyte precursor cell (OPC) serves as a progenitor cell of terminally
differentiated oligodendrocytes. Matured oligodendrocytes form myelin sheaths around
axons in the central nervous system, and the myelin sheath is essential in fast impulse
propagation through the myelinated fiber. Since oligodendrocytes do not proliferate, OPCs
play an essential role in increasing the number of oligodendrocytes during development
or after oligodendrocyte/myelin damage. Mechanisms of OPC differentiation have been
extensively examined, and several extrinsic signaling molecules have been identified as
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regulators of OPC differentiation into oligodendrocytes [1–3]. In addition, recent stud-
ies have confirmed the critical role of the epigenetic system in OPC proliferation and
differentiation [4–13].

DNA chromatin modifications alter the gene expression, a process known as epigenetic
regulation. Past studies have demonstrated that epigenetic regulation is closely linked
to cell differentiation in most organs, including neurogenesis in the brain [14]. High
mobility group A1 (HMGA1) is a small protein that binds DNA and modifies the chromatin
state [15–17]. Therefore, HMGA1 contributes to the regulation of gene expression by
modulating the accessibility of regulatory factors to the DNA. However, no study has
ever examined whether and how HMGA1 is involved in oligodendrocyte lineage cells.
Therefore, we used a primary OPC culture system to examine whether HMGA1 deficiency
or overexpression during the process of OPC differentiation would change the expression
patterns of myelin-related genes. Since OPCs play an important role in increasing the
number of oligodendrocytes not only during the developmental stage but also after brain
injury, as a part of the Special Issue “Molecular Research on Neurodegenerative Diseases
2.0”, we report here that HMGA1 may contribute to OPC differentiation.

2. Materials and Methods

All experiments were performed following institutionally approved protocols by the
Massachusetts General Hospital Subcommittee on Research Animal Care and in accordance
with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.

OPC isolation: Primary cortical OPCs were prepared for experiments according to
our previous works [13,18,19]. Briefly, primary mixed glial cells were obtained from the
brains of postnatal day 1 SD rats and cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM; Thermo Fisher Scientific, Waltham, MA, USA) containing 20% fetal bovine serum
(ATLANTA Biologicals, Flowery Branch, GA, USA) and 1% of penicillin/streptomycin
(P/S, Thermo Fisher Scientific, Waltham, MA, USA). Ten days later, the flasks were shaken
for 1 h on an orbital shaker (218 rpm) at 37 ◦C to remove microglia. They were then changed
to a new medium and shaken overnight (~20 h). The medium was collected and plated
on noncoated tissue culture dishes for 1 h at 37 ◦C to remove the contaminated astrocytes
and microglia. Then, the nonadherent cells (i.e., OPCs) in the culture media were collected
and seeded onto poly-DL-ornithine-coated plates (Sigma, St. Louis, MO, USA). OPC
differentiation was initiated on day 4 after cell seeding by changing the culture media from
the OPC-proliferating media (neurobasal medium (Thermo Fisher Scientific, Waltham, MA,
USA) containing 2% B27 supplement (Thermo Fisher Scientific, Waltham, MA, USA), 1% of
P/S, 2 mM glutamine (Thermo Fisher Scientific, Waltham, MA, USA), 10 ng/mL PDGF-AA
(PEPROTECH, Rocky Hill, NJ, USA), and 10 ng/mL FGF-2 (PEPROTECH, Rocky Hill, NJ,
USA)) to the OPC differentiation media (DMEM containing 2% B27 supplement, 10 ng/mL
CNTF (PEPROTECH, Rocky Hill, NJ, USA), and 15 nM T3 (Sigma, St. Louis, MO, USA)).
siRNA or plasmid transfection was conducted 1 day (i.e., 3 days before starting OPC
differentiation) after OPC seeding. For Figure 1, we conducted each experiment in triplicate.
However, the experiments for Figures 2–4 were not conducted in triplicate, because our
data in Figure 1 suggested that our OPC culture system was stable, and experiments done
in triplicate were not necessary for this study.
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Figure 1. mRNA expression of myelin-related genes and Hmga1 in an OPC culture. (a) A diagram of
an experimental schedule. Four or 5 days after OPC seeding (i.e., 70–80% confluency), OPCs started
differentiation into oligodendrocytes by switching the culture media from “proliferation media” to
“differentiation media”. RNA samples were then prepared at days 0, 2, and 6 after the initiation of
OPC differentiation. (b) Expression levels of mRNA for Cnp, Mbp, Myrf and Plp were all increased
by OPC differentiation, as expected. Data are the mean ± SD from 4 independent experiments. (c)
Expression level of mRNA for Hmga1 was increased by OPC differentiation. Data are the mean ± SD
from 3 independent experiments.

Transfection with plasmid and siRNA: OPC was transfected with siRNA universal
negative control (MISSION, Sigma, St. Louis, MO, USA) or siRNA targeted for specific gene
suppression using Lipofectamine 3000 (Thermo Fisher Scientific, Waltham, MA, USA). The
pCMV6-Hmga1(1-321) vector was generated from the pCMV6 vector (#PS100001, Addgene,
Watertown, MA, USA). The pCMV6 vector contained GFP, and the transfection of the
pCMV6 vector was validated with GFP signaling.

Quantitative RT-PCR (QRT-PCR): The RNA was isolated with the RNeasy Plus Mini
kit (QIAGEN, Hilden, Germany), and first-stranded cDNA was synthesized with the Prime-
Script RT reagent (Takara-Clonetech, San Jose, CA, USA). QRT-PCR was performed using
SYBR Premix Ex Taq II (Takara-Clonetech, San Jose, CA, USA) and analyzed with the Fast
Real-Time System 7500 (Applied Biosystems, Waltham, MA, USA). The expression levels
of each target gene were measured relative to GAPDH as the internal control. The follow-
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ing sequences of primers were used: 5′-tccagtatgactctacccacg-3′ for GAPDH forward; 5′-
cacgacatactcagcaccag-3′ for GAPDH reverse; 5′-actgccaacaacatgcggaagaag-3′ for Myrf for-
ward; 5′-tgggttagaggcccgaacaatgat-3′ for Myrf reverse; 5′-ctactttggcaagagacctcc -3′ for CNP
forward; 5′-agagatggacagtttgaaggc-3′ for CNP reverse; 5′-ttgactccatcgggcgcttcttta-3′ for
MBP forward; 5′-ttcatcttgggtcctctgcgactt-3′ for MBP reverse; 5′-tctttggcgactacaagaccacca-3′

for PLP forward; 5′-caaacaatgacacacccgctccaa-3′ for PLP reverse; 5′-caggaaaaggatgggactga-
3′ for Hmga1 forward; 5′-cagaggactcctgggagatg-3′ for Hmga1 reverse.

Statistical analysis: The statistical significance was evaluated using the unpaired t-test
(or Welch’s t-test if the normality of distribution was not assumed) to compare differences
between the two groups. Data are expressed as the mean ± S.D. A p-value of <0.05 was
considered statistically significant.

Figure 2. HMGA1 and OPC differentiation (loss-of-function experiments). (a) OPCs were transfected
with either control siRNA or Hmga1 siRNA 3 days before the initiation of OPC differentiation. Then,
6 days after OPC differentiation, the cells were collected and subjected to QRT-PCR for assessing
the mRNA levels of the myelin-related genes Cnp, Mbp, Myrf and Plp. (b) OPCs with Hmga1 siRNA
showed a lower mRNA level of Hmga1 at day 0 of OPC differentiation (e.g., 3 days after the siRNA
transfection). Data are the mean ± SD from 3 independent experiments. * p < 0.05 vs. the control
siRNA group. (c) mRNA levels for the myelin-related genes Cnp, Mbp, Myrf and Plp were all
decreased by Hmga1 siRNA transfection. Data are the mean ± SD from 3 independent experiments.
* p < 0.05 vs. the control siRNA group.
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Figure 3. HMGA1 and OPC differentiation (gain-of-function experiments). (a) OPCs were transfected
with either the control plasmid (pControl) or Hmga1-containing plasmid (pHmga1) 3 days before the
initiation of OPC differentiation. Then, 6 days after OPC differentiation, the cells were collected and
subjected to QRT-PCR for assessing the mRNA levels of the myelin-related genes Cnp, Mbp, Myrf
and Plp. (b) OPCs with Hmga1-containing plasmid showed a larger mRNA level of Hmga1 2 days
after siRNA transfection. Data are the mean ± SD from 3 independent experiments. * p < 0.05 vs.
the pControl group. (c) mRNA levels for the myelin-related genes Cnp, Mbp, Myrf and Plp were all
increased slightly but significantly by transfection of the Hmga1-containing plasmid. Data are the
mean ± SD from 3 independent experiments. * p < 0.05 vs. the pControl group.

Figure 4. HMGA1 and Olig2 expression in OPCs. (a) OPCs were transfected with either control
siRNA or Hmga1 siRNA 3 days before the initiation of OPC differentiation. Then, 6 days after OPC
differentiation, the cells were collected and subjected to QRT-PCR for assessing the mRNA level for
Olig2, a major transcription factor in oligodendrocyte lineage cells. The mRNA level Olig2 was not
significantly changed by Hmga1 siRNA transfection. Data are the mean ± SD from 3 independent
experiments. (b) OPCs were transfected with either control plasmid (pControl) or Hmga1-containing
plasmid (pHmga1) 3 days before the initiation of OPC differentiation. Then, 6 days after OPC
differentiation, the cells were collected and subjected to QRT-PCR for assessing the mRNA level for
Olig2. mRNA level Olig2 was not significantly changed by Hmga1 plasmid transfection. Data are the
mean ± SD from 3 independent experiments.
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3. Results

We first checked if our OPC cultures were functional, i.e., they successfully differenti-
ated into mature oligodendrocytes. We prepared primary OPC cultures from the neonatal
rat brain cortex. When we changed the culture media from “Neurobasal plus PDGF-AA
and basic FGF (proliferation media)” to “DMEM plus CNTF and T3 (differentiation me-
dia)”, as expected, the mRNA levels of myelin-related genes, such as Cnp, Mbp, Myrf and
Plp, increased over time (Figure 1a,b). Under these conditions, the Hmga1 mRNA level
gradually decreased, depending on the maturation process of the OPCs (Figure 1c).

To examine the roles of HMGA1 in OPC differentiation, we then transfected siRNA
for HMGA1 into OPC cultures (Figure 2a). This protocol successfully downregulated the
mRNA level of Hmga1 when the OPCs were initiated for their differentiation (Figure 2b).
On day 6 after the initiation of OPC differentiation, cells with Hmga1 siRNA showed
lower mRNA levels of myelin-related genes (Figure 2c). On the contrary, when the OPCs
were transfected with the Hmga1-containing plasmid, the mRNA level of Hmga1 was
increased (Figure 3a,b), and the mRNA levels of myelin-related genes in the OPCs with
Hmga1 plasmid increased slightly but significantly at day 6 after the initiation of OPC
differentiation (Figure 3c).

Finally, we also examined whether HMGA1 also participates in the expression of tran-
scription factors that are specifically expressed in oligodendrocyte lineage cells in the brain.
Olig2 is one of the major transcription factors that regulate the cell fate of oligodendrocyte
lineage cells. Olig2 mRNA was detected in both OPCs and oligodendrocytes in our system,
as expected (data not shown). However, a loss-of-function or a gain-of-function experiment
demonstrates that HMGA1 may not play a significant contribution to the regulation of
Olig2 expression (Figure 4a,b).

4. Discussion

HMGA1 is a small nonhistone protein that does not have transcriptional activity;
however, HMGA1 can bind DNA and modify the chromatin conformational state, thus
contributing to the modulation of gene expression through changing the accessibility of
several regulatory factors to DNA [15–17]. In this study, we demonstrate that (i) OPCs
express HMGA1, (ii) the expression levels of Hmga1 mRNA decrease, along with OPC dif-
ferentiation, and (iii) HMGA1 may regulate the expression levels of some oligodendrocyte
marker genes, thus contributing to the process of oligodendrocyte generation. The expres-
sion level of HMGA1 is shown to be regulated by Hes5, a transcriptional repressor [20].
During the developmental stage, Hes5 overexpression downregulated the Hmga1 expres-
sion level in the brain, along with the decrease in the number of oligodendrocytes [20]. In
addition, another study showed that, compared to wild-type mice, the expression levels
of myelin genes were upregulated in Hes5 knockout mice [21]. Therefore, our findings
support the idea that the process of oligodendrocyte generation is tightly regulated by
the epigenetic system and may also fill the knowledge gap about how the Hes5–Hmga1
pathway contributes to the cell fate decision of oligodendrocyte lineage cells.

Oligodendrocytes play an essential role in fast impulse propagation in the central
nervous system by generating a myelin sheath that allows the rapid conduction of ac-
tion potentials along axons. Since oligodendrocytes do not proliferate, OPC proliferation
and differentiation into oligodendrocytes are essential steps for a proper central nervous
system network during development. Even in the adult brain, OPCs are widely dis-
tributed, comprising approximately 5% of all brain cells [22–24]. These residual OPCs in
the adult brain are relatively quiescent, but after brain damage, they rapidly proliferate
and differentiate into mature oligodendrocytes to restore myelin sheaths [25–28]. The
underlying mechanisms of OPC differentiation have been extensively examined, and sev-
eral molecules, including epigenetic regulators, are identified to promote/suppress OPC
differentiation [1–3]. However, to our best knowledge, there has been no study that exam-
ined the role of HMGA1 in the function of oligodendrocyte lineage cells. Therefore, our
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current study may help us to understand the detailed molecular regulatory mechanisms of
OPC-to-oligodendrocyte differentiation.

Our study is the first to show the involvement of HMGA1 in OPC differentiation,
but because of the nature of the Short Communication study, there are some important
limitations/caveats in this study, which would be carefully considered for future studies.
First, although there are two HMGA proteins (HMGA1 and HMGA2) [15–17], we only
focused on the roles of HMGA1 in this study. This is partly because the mRNA level of
Hmga1 is much larger (~10 fold) than that of Hmga2 in our OPC culture system (data not
shown). However, we have not examined the changes in the expression pattern of HMGA2
during the process of OPC differentiation. Therefore, it is possible that HMGA2 expression
would increase after the initiation of differentiation, and HMGA2 would participate in
the maintenance of the process of OPC differentiation. Secondly, we conducted the gain-
and loss-of-function experiments under physiological conditions. In general, HMGA1 is
abundantly expressed during the developmental stage but is downregulated in adult differ-
entiated tissues [16,17]. This may be consistent with our finding that HMGA1 expression
in OPCs is larger than the one in oligodendrocytes. However, after white matter damage,
OPCs would be activated to initiate the process of oligodendrogenesis as a compensatory
mechanism [29]. Therefore, to pursue the therapeutic potential of HMGA1 for white matter-
related diseases, it would be required to examine the expression level of HMGA1 in OPCs
under diseased conditions using in vitro and in vivo models. Third, this study specifically
asked the question whether HMGA1 regulates the transcriptional level of oligodendrocyte
marker genes in cultured OPCs. However, our preliminary experiments of immunostaining
also show that Hmga1 knockdown may reduce the process of OPC maturation in vitro,
assessed by GST-pi/MBP staining (Supplementary Figure S1). Therefore, we should take
the post-transcriptional protein levels of these markers into consideration to further our
understanding of the role of HMGA1 in the oligodendrocyte maturation step. In addition,
although we examined the link between HMGA1 and the transcription factor Olig2, OPC
differentiation is regulated by several transcription factors besides Olig2. To reveal the link
between HMGA1 and transcriptional regulation, future studies need to check the role of
HMGA1 in these transcription factors, such as Olig1, Sox10, ID2, ID4 and YY1 [30]. Finally,
we have not identified which genes would be specifically targeted by HMGA1. In this study,
while Hmga1 knockdown decreased the mRNA expression levels of myelin-related genes
(Cnp, Mbp, Myrf and Plp), it did not cause any change in the mRNA level of Olig2, which
is an important transcription factor for oligodendrocyte lineage cells. Hence, a deeper
understanding of the specificity of HMGA1 would help us to understand the physiological
and pathological mechanisms of oligodendrocyte (re)generation.

In summary, we demonstrated that HMGA1 regulates the mRNA level of some
oligodendrocyte marker genes, supporting the idea that HMGA1 may contribute to the
process of OPC differentiation. OPCs play an indispensable role in increasing the number
of oligodendrocytes not only during the developmental stage but also after white matter
damage in adult brains. Therefore, understanding the roles of HMGA1 in oligodendrocyte
lineage cells may help us to find a novel therapeutic approach for white matter-related
CNS diseases, such as stroke or vascular dementia.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms23042236/s1.

Author Contributions: N.E. and K.A. conceived and designed the experiments. N.E., G.H., H.I.
(Hidehiro Ishikawa), A.S. and T.M. assisted the experiments. N.E., G.H., K.K.C., H.I. (Hidehiro
Ishikawa), A.S., T.M., R.T., H.I. (Haruhisa Inoue), E.H.L. and K.A. discussed the results and con-
tributed to the manuscript. N.E., G.H., K.K.C., H.I. (Hidehiro Ishikawa), E.H.L. and K.A. wrote the
manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Institutes of Health (R01NS065089, R01NS113556,
R21AG066478), JSPS KAKENHI (18K15347, 20K07883), and AMED (21wm0425018h0001).

Institutional Review Board Statement: Not applicable.

https://www.mdpi.com/article/10.3390/ijms23042236/s1
https://www.mdpi.com/article/10.3390/ijms23042236/s1


Int. J. Mol. Sci. 2022, 23, 2236 8 of 9

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Domingues, H.S.; Cruz, A.; Chan, J.R.; Relvas, J.B.; Rubinstein, B.; Pinto, I.M. Mechanical plasticity during oligodendrocyte

differentiation and myelination. Glia 2017, 66, 5–14. [CrossRef] [PubMed]
2. Zhang, R.; Zhang, Z.; Chopp, M. Function of neural stem cells in ischemic brain repair processes. J. Cereb. Blood Flow Metab. 2016,

36, 2034–2043. [CrossRef] [PubMed]
3. Takebayashi, H.; Ikenaka, K. Oligodendrocyte generation during mouse development. Glia 2015, 63, 1350–1356. [CrossRef]

[PubMed]
4. Shen, S.; Li, J.; Casaccia-Bonnefil, P. Histone modifications affect timing of oligodendrocyte progenitor differentiation in the

developing rat brain. J. Cell Biol. 2005, 169, 577–589. [CrossRef]
5. Shen, S.; Sandoval, J.; Swiss, V.A.; Li, J.; Dupree, J.; Franklin, R.J.M.; Casaccia-Bonnefil, P. Age-dependent epigenetic control of

differentiation inhibitors is critical for remyelination efficiency. Nat. Neurosci. 2008, 11, 1024–1034. [CrossRef]
6. Dugas, J.C.; Tai, Y.C.; Speed, T.P.; Ngai, J.; Barres, B.A. Functional Genomic Analysis of Oligodendrocyte Differentiation. J.

Neurosci. 2006, 26, 10967–10983. [CrossRef]
7. Liu, A.; Han, Y.R.; Li, J.; Sun, D.; Ouyang, M.; Plummer, M.R.; Casaccia-Bonnefil, P. The Glial or Neuronal Fate Choice of

Oligodendrocyte Progenitors Is Modulated by Their Ability to Acquire an Epigenetic Memory. J. Neurosci. 2007, 27, 7339–7343.
[CrossRef]

8. Kassis, H.; Chopp, M.; Liu, X.S.; Shehadah, A.; Roberts, C.; Zhang, Z.G. Histone deacetylase expression in white matter
oligodendrocytes after stroke. Neurochem. Int. 2014, 77, 17–23. [CrossRef]

9. Lyssiotis, C.; Walker, J.; Wu, C.; Kondo, T.; Schultz, P.G.; Wu, X. Inhibition of histone deacetylase activity induces developmental
plasticity in oligodendrocyte precursor cells. Proc. Natl. Acad. Sci. USA 2007, 104, 14982–14987. [CrossRef]

10. Ye, F.; Chen, Y.; Hoang, T.; Montgomery, R.L.; Zhao, X.H.; Bu, H.; Lu, Q.R.; Hu, T.; Olson, E.N.; Clevers, H.; et al. HDAC1 and
HDAC2 regulate oligodendrocyte differentiation by disrupting the beta-catenin-TCF interaction. Nat. Neurosci. 2009, 12, 829–838.
[CrossRef]

11. Jagielska, A.; Lowe, A.L.; Makhija, E.; Wroblewska, L.; Guck, J.; Franklin, R.; Shivashankar, G.V.; Van Vliet, K.J. Mechanical Strain
Promotes Oligodendrocyte Differentiation by Global Changes of Gene Expression. Front. Cell. Neurosci. 2017, 11, 93. [CrossRef]

12. Moyon, S.; Huynh, J.L.; Dutta, D.; Zhang, F.; Ma, D.; Yoo, S.; Lawrence, R.; Wegner, M.; John, G.R.; Emery, B.; et al. Functional
Characterization of DNA Methylation in the Oligodendrocyte Lineage. Cell Rep. 2016, 15, 748–760. [CrossRef]

13. Egawa, N.; Shindo, A.; Hikawa, R.; Kinoshita, H.; Liang, A.C.; Itoh, K.; Lok, J.; Maki, T.; Takahashi, R.; Lo, E.H.; et al. Differential
roles of epigenetic regulators in the survival and differentiation of oligodendrocyte precursor cells. Glia 2018, 67, 718–728.
[CrossRef]

14. Yao, B.; Christian, K.M.; He, C.; Jin, B.Y.P.; Ming, G.-L.; Song, H. Epigenetic mechanisms in neurogenesis. Nat. Rev. Neurosci. 2016,
17, 537–549. [CrossRef]

15. Ozturk, N.; Singh, I.; Mehta, A.; Braun, T.; Barreto, G. HMGA proteins as modulators of chromatin structure during transcriptional
activation. Front Cell Dev. Biol. 2014, 2, 5. [CrossRef]

16. Parisi, S.; Piscitelli, S.; Passaro, F.; Russo, T. HMGA Proteins in Stemness and Differentiation of Embryonic and Adult Stem Cells.
Int. J. Mol. Sci. 2020, 21, 362. [CrossRef]

17. Vignali, R.; Marracci, S. HMGA Genes and Proteins in Development and Evolution. Int. J. Mol. Sci. 2020, 21, 654. [CrossRef]
18. Itoh, K.; Maki, T.; Shindo, A.; Egawa, N.; Liang, A.C.; Itoh, N.; Lo, E.H.; Lok, J.; Arai, K. Magnesium sulfate protects oligodendro-

cyte lineage cells in a rat cell-culture model of hypoxic–ischemic injury. Neurosci. Res. 2016, 106, 66–69. [CrossRef]
19. Miyamoto, N.; Maki, T.; Shindo, A.; Liang, A.C.; Maeda, M.; Egawa, N.; Itoh, K.; Lo, E.K.; Lok, J.; Ihara, M.; et al. Astrocytes

Promote Oligodendrogenesis after White Matter Damage via Brain-Derived Neurotrophic Factor. J. Neurosci. 2015, 35, 14002–
14008. [CrossRef]

20. Bansod, S.; Kageyama, R.; Ohtsuka, T. Hes5 regulates the transition timing of neurogenesis and gliogenesis in mammalian
neocortical development. Development 2017, 144, 3156–3167. [CrossRef]

21. Liu, A.; Li, J.; Marin-Husstege, M.; Kageyama, R.; Fan, Y.; Gelinas, C.; Casaccia-Bonnefil, P. A molecular insight of Hes5-dependent
inhibition of myelin gene expression: Old partners and new players. EMBO J. 2006, 25, 4833–4842. [CrossRef]

22. Levine, J.M.; Reynolds, R.; Fawcett, J.W. The oligodendrocyte precursor cell in health and disease. Trends Neurosci. 2001, 24, 39–47.
[CrossRef]

23. Pringle, N.P.; Mudhar, H.S.; Collarini, E.J.; Richardson, W.D. PDGF receptors in the rat CNS: During late neurogenesis, PDGF
alpha-receptor expression appears to be restricted to glial cells of the oligodendrocyte lineage. Development 1992, 115, 535–551.
[CrossRef]

24. Dawson, M.R.; Polito, A.; Levine, J.M.; Reynolds, R. NG2-expressing glial progenitor cells: An abundant and widespread
population of cycling cells in the adult rat CNS. Mol. Cell. Neurosci. 2003, 24, 476–488. [CrossRef]

http://doi.org/10.1002/glia.23206
http://www.ncbi.nlm.nih.gov/pubmed/28940651
http://doi.org/10.1177/0271678X16674487
http://www.ncbi.nlm.nih.gov/pubmed/27742890
http://doi.org/10.1002/glia.22863
http://www.ncbi.nlm.nih.gov/pubmed/26013243
http://doi.org/10.1083/jcb.200412101
http://doi.org/10.1038/nn.2172
http://doi.org/10.1523/JNEUROSCI.2572-06.2006
http://doi.org/10.1523/JNEUROSCI.1226-07.2007
http://doi.org/10.1016/j.neuint.2014.03.006
http://doi.org/10.1073/pnas.0707044104
http://doi.org/10.1038/nn.2333
http://doi.org/10.3389/fncel.2017.00093
http://doi.org/10.1016/j.celrep.2016.03.060
http://doi.org/10.1002/glia.23567
http://doi.org/10.1038/nrn.2016.70
http://doi.org/10.3389/fcell.2014.00005
http://doi.org/10.3390/ijms21010362
http://doi.org/10.3390/ijms21020654
http://doi.org/10.1016/j.neures.2015.12.004
http://doi.org/10.1523/JNEUROSCI.1592-15.2015
http://doi.org/10.1242/dev.147256
http://doi.org/10.1038/sj.emboj.7601352
http://doi.org/10.1016/S0166-2236(00)01691-X
http://doi.org/10.1242/dev.115.2.535
http://doi.org/10.1016/S1044-7431(03)00210-0


Int. J. Mol. Sci. 2022, 23, 2236 9 of 9

25. Miyamoto, N.; Tanaka, R.; Shimura, H.; Watanabe, T.; Mori, H.; Onodera, M.; Mochizuki, H.; Hattori, N.; Urabe, T. Phospho-
diesterase III Inhibition Promotes Differentiation and Survival of Oligodendrocyte Progenitors and Enhances Regeneration of
Ischemic White Matter Lesions in the Adult Mammalian Brain. J. Cereb. Blood Flow Metab. 2010, 30, 299–310. [CrossRef]

26. Skihar, V.; Silva, C.; Chojnacki, A.; Döring, A.; Stallcup, W.B.; Weiss, S.; Yong, V.W. Promoting oligodendrogenesis and myelin
repair using the multiple sclerosis medication glatiramer acetate. Proc. Natl. Acad. Sci. USA 2009, 106, 17992–17997. [CrossRef]

27. Gensert, J.M.; Goldman, J.E. Endogenous Progenitors Remyelinate Demyelinated Axons in the Adult CNS. Neuron 1997, 19,
197–203. [CrossRef]

28. Stetler, R.A.; Gao, Y.; Leak, R.K.; Weng, Z.; Shi, Y.; Zhang, L.; Chen, J.; Pu, H.; Hu, H.; Hassan, S.; et al. APE1/ref-1 facilitates
recovery of gray and white matter and neurological function after mild stroke injury. Proc. Natl. Acad. Sci. USA 2016, 113,
E3558–E3567. [CrossRef]

29. Ohtomo, R.; Iwata, A.; Arai, K. Molecular Mechanisms of Oligodendrocyte Regeneration in White Matter-Related Diseases. Int. J.
Mol. Sci. 2018, 19, 1743. [CrossRef]

30. Tiane, A.; Schepers, M.; Rombaut, B.; Hupperts, R.; Prickaerts, J.; Hellings, N.; van den Hove, D.; Vanmierlo, T. From OPC to
Oligodendrocyte: An Epigenetic Journey. Cells 2019, 8, 1236. [CrossRef]

http://doi.org/10.1038/jcbfm.2009.210
http://doi.org/10.1073/pnas.0909607106
http://doi.org/10.1016/S0896-6273(00)80359-1
http://doi.org/10.1073/pnas.1606226113
http://doi.org/10.3390/ijms19061743
http://doi.org/10.3390/cells8101236

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	References

