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Abstract

Background/Objectives: Oligodendrocyte maturation and function are stimulated by
insulin and insulin-like growth factor (IGF) signaling through Akt-mTOR and Notch. Dys-
regulation of these pathways is associated with impaired white matter development; yet,
treatment with insulin-sensitizing agents failed to restore oligodendrocyte function, lead-
ing to the hypothesis that additional signaling pathways are needed for oligodendrocyte
function. Methods: Experiments were conducted using human MO3.13 cells to investigate
the role of epidermal growth factor receptor (EGFR) expression and signaling as poten-
tial mediators of immature oligodendroglia function and mechanistic interactions with
insulin/IGF and Notch pathways. Methodologies included cell function, cytomorphology,
immunoassays, and RNA hybridization assays. Results: Although EGF, TGF-α, and TGF-β
increased the relative levels of EGFR tyrosine phosphorylation (pY-EGFR), MTT activity,
and proliferating cell nuclear antigen, EGF and TGF-β increased pY-Erk MAPK and GALC
expression and reduced activated Caspase 3, while EGF selectively increased CNPase,
MAG, MOG, and MBP. EGF and TGF-α stimulated IGF2, INSULINR, IGF1R, IGF2R, IRS1,
and IRS2 mRNA transcripts, while TGF-α and TGF-β increased expression of NOTCH1,
JAGGED1, HES1, HEY1, and HIF1A Notch network genes. Conclusions: EGF, TGF-α, and
TGF-β differentially modulated the effects of EGFR stimulation on oligodendroglia-related
functions, including protein expression. The findings highlight the potential importance of
EGFR pathway signaling and its interactions with insulin/IGF and Notch pathways for
regulating oligodendrocyte functions during development.

Keywords: oligodendrocyte; myelin; epidermal growth factor; Notch; insulin; signal
transduction

1. Introduction
Central nervous system (CNS) diseases caused by toxic, developmental, or degenera-

tive processes are associated with white matter oligodendrocyte dysfunction and loss of
myelin integrity, with attendant impairments in cognitive and motor functions. Previous
studies emphasized the importance of insulin and insulin-like growth factor (IGF) stimula-
tion and signaling [1–3], linked to Notch and Wnt pathways that regulate oligodendrocyte
maturation and function and myelin homeostasis [4,5]. Correspondingly, in disease states
such as alcohol-related brain damage (ARBD), fetal alcohol spectrum disorder (FASD) [6,7],
and Alzheimer-type neurodegeneration [8–10], brain insulin/IGF deficiency and resistance
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adversely impact downstream signaling through Notch, Wnt, and the mechanistic target
of rapamycin (mTOR) in white matter and oligodendrocytes [7], compromising myelin
integrity [11]. However, the failure of insulin sensitizer interventions to fully prevent white
matter pathology and oligodendrocyte dysfunction in FASD [12,13] or AD [14] models
suggested roles for additional signaling mechanisms.

Epidermal growth factor receptor (EGFR) networks are of interest because their stim-
ulatory effects in the developing CNS include proliferation, migration, survival, and
differentiation [15], overlapping with responses to insulin/IGF signaling. In the imma-
ture CNS, EGFR is abundantly expressed in neurons, astrocytes, oligodendroglia, and
vascular elements [16,17]. With maturation, EGFR expression declines [18] but notably
persists in pluripotent neural stem cells in the subventricular zones, positioned to have
a role in neuronal and glial genesis [19,20], including in adult brains [15,17,21–23]. More-
over, EGFR mediates differentiation of subventricular zone oligoprogenitor cells into
oligodendrocytes [17,24].

The role of EGFR signaling in glia has been widely investigated in relation to astrocytic
cells [25,26]. In contrast, the literature on EGFR’s effects on oligodendrocyte function is rela-
tively scant. Early studies showed that EGF enhances expression of galactocerebroside [27]
and that both EGF and TGF-α inhibit myelin basic protein expression [28] in developing
immature cerebral tissue. Further experiments confirmed that EGF supports maintenance
and proliferation of CNS pluripotent stem cells, inhibiting their differentiation into neurons,
astrocytes, and oligodendrocytes [29]. Correspondingly, EGFR overexpression results in
hyperplasia of oligodendrocyte progenitor cells [30]. Altogether, these data suggest roles
for EGF stimulation of immature oligodendroglia during development. However, the
body of information on EGFR’s effects on oligodendroglia function remains relatively
scant. Because oligodendrocytes are essential for supporting neuronal process integrity
and efficient neural conductivity, additional studies to further characterize the effects of
EGFR pathway stimulation on oligodendroglia could lead to new strategies to enhance
white matter integrity and function in development and disease.

We hypothesize that growth, survival, metabolic function, and oligodendrocyte/
myelin-associated gene expression are supported by dual activation of insulin/IGF and
EGFR signaling networks. In addition, we postulate that trophic factor stimulation of
the EGFR could potentially modulate oligodendrocyte/myelin protein expression in as-
sociation with Notch pathways. Therefore, we designed experiments to characterize the
effects of EGFR stimulation on oligodendrocyte function and its effects on insulin/IGF and
Notch networks in MO3.13 human glial cells, which share features with immature oligo-
dendroglia [31]. The effects of EGF and TGF-α were evaluated due to their known roles in
activating EGFR signaling. In addition, responses to TGF-β were characterized because
TGF-β transactivates EGFR [32,33], and it controls the timing of CNS myelination by regu-
lating oligodendrocyte progenitor cell cycle withdrawal needed for oligodendrogenesis
and myelination during development [34].

2. Materials and Methods
2.1. In Vitro Experimental Model

In vitro experiments were conducted with MO3.13 (RRID:CVCL_D357) human im-
mortal glial hybrid cells, which express some phenotypic characteristics of primary oligo-
dendrocytes [35]. MO3.13 cells have been widely used in neuroscience research on im-
mature/premyelinating oligodendroglia [31]. MO3.13 cells express a full range of myelin
markers, and due to their hybrid nature, they can function like oligoastrocytes and express
astrocytic proteins [35]. MO3.13 cells were purchased from CELLutions Biosystems Inc
(Cedarlane, Burlington, ON, Canada; Product code: CLU301) and maintained in a stan-
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dard 5% CO2 incubator with antibiotic-free Dulbecco’s modified Eagle’s Medium (DMEM)
supplemented with 10% fetal bovine serum (FBS). To study the effects of EGF pathway
stimulation, 60% confluent overnight serum-starved cultures were stimulated with 0.5%
FBS (control) or 10 ng/mL EGF, TGF-α, or TGF-β (Supplementary Table S1) for 24 h, after
which the cultures were analyzed in situ for viability, growth/metabolic function, and
cell density, or they were harvested for protein and mRNA studies. The trophic factors
were diluted in serum-free medium. A total of 0.5% FBS, rather than vehicle, was used as
a control due to concerns about MO3.13 cell viability after longer than 24 h of serum or
trophic factor deprivation.

2.2. Cellular Metabolic Activity and Viability

Trophic factor effects on MO3.13 cells were evaluated by measuring
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) activity, Hoechst
H33342 fluorescence, crystal violet (CV) staining, and proliferating cell nuclear antigen
(PCNA), Ki-67, and activated Caspase 3 immunoreactivities. The MTT, H33342, and CV
assays were performed in situ in 96-well cultures. We assessed PCNA, Ki-67, and activated
Caspase 3 immunoreactivities using enzyme-linked immunosorbent assays (ELISAs). For
MTT activity, 10 µL of freshly prepared MTT (#M5655, MilliporeSigma, St. Louis, MO, USA)
solution (5 mg/mL in MEM without phenol red) [36,37] was added to each culture, which
contained 100 µL of medium, and incubated for 20 min at 37 ◦C in a standard 5% CO2

incubator. MTT activity was measured in acidic isopropanol eluates obtained by replacing
the MTT-containing culture medium with 100 µL of 0.04 mol/L HCl in isopropanol. After
5 min incubation at room temperature, the absorbances were measured at 540 nm in a
Spectra-Max M5 Multimode Plate Reader (Molecular Devices, Sunnyvale, CA, USA).

Hoechst H33342 fluorescence staining provided an in situ measure of cell number in
the same wells as the MTT assay. The results were used to calculate MTT activity normal-
ized to culture cell abundance. To measure H33342 fluorescence, the MTT eluate buffer was
replaced with 50 µL of Hoechst H33342 dye solution (10 µg/mL H3570, Invitrogen, Carls-
bad, CA, USA) prepared in phosphate-buffered saline (PBS). After 5 min of light-shielded
room-temperature incubation, fluorescence intensity was measured (Ex 360 nm/Em460 nm)
in a Spectra-Max M5 Multimode Plate Reader (Molecular Devices, Sunnyvale, CA, USA).

The crystal violet assay is based on viable adherent cell staining [38]. After removing
the culture medium, PBS-rinsed cells were stained for 10 min at room temperature with
50 µL/well of crystal violet (Thermo Scientific Chemicals, Haverhill, MA, USA) solution
(0.5% crystal violet dissolved in 100 mL 20% methanol). After rinsing the excess dye with
PBS and drying the plates, methanol (200 µL/well) was used to elute cellular crystal violet,
and the absorbances were measured at 562 nm in a Spectra-Max M5 Multimode Plate
Reader (Molecular Devices, Sunnyvale, CA, USA).

2.3. Chamberslide Preparations for Cellular Morphology

MO3.13 cells grown in 8-well chamber slides for cytomorphological studies were
stimulated with trophic factors or 0.5% FBS as described above. The cells were then
immersion-fixed in situ with 10% neutral-buffered formalin, stained with crystal violet
(Thermo Scientific Chemicals, Haverhill, MA, USA), and examined by light microscopy [39].
The cells were digitally photographed at 200× and 400× magnification using CaptaVision
3.1 Image Acquisition software for Excelis HD (ACCU-SCOPE, Inc., Commack, NY, USA),
with a scale calibration bar included in all images. CaptaVision automated measurements
of cell diameters at 200× magnification were obtained for each treatment.
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2.4. Immunoassays of Protein Expression

ELISAs measured trophic factor effects on immunoreactivity to EGFR, tyrosine phos-
phorylated EGFR (pY-EGFR), p44/42-Erk MAPK, pY-p44/42-Erk MAPK, proliferating
cell nuclear antigen (PCNA), Ki-67, activated Caspase 3, and oligodendrocyte/myelin
glycoproteins. In addition, the large acidic ribosomal protein (RPLP0) [40] was measured as
a housekeeping/loading control. See Table S2 for the list of antibodies, the concentrations
used, their commercial sources, and validation (RRID) codes. Cellular proteins from 12-well
cultures were harvested into weak lysis buffer (50 mM Tris (pH 7.5), 150 mM NaCl, 5 mM
EDTA (pH 8.0), and 50 mM NaF, 0.1%) supplemented with protease inhibitors (1 mM
PMSF, 0.1 mM TPCK, 2 µg/mL aprotinin, 2 µg/mL pepstatin A, and 1 µg/mL leupeptin)
and 2 mM sodium vanadate as the phosphatase inhibitor. The samples were clarified by
centrifugation at 14,000 rpm (10 min at 4 ◦C). Aliquots were stored at −80 ◦C. Protein
concentrations were measured with commercial bicinchoninic acid (BCA) assay reagents.

For direct-binding ELISAs, 50 ng protein aliquots in 50 µL of bicarbonate-binding
buffer were adsorbed to the bottom surfaces of 96-well MaxiSorp plates by overnight
incubation at 4 ◦C. Nonspecific binding sites were masked with Superblock TBS. The sam-
ples were then sequentially incubated with primary antibodies (0.2–5.0 µg/mL; overnight
at 4 ◦C), horseradish peroxidase-conjugated, species-appropriate secondary antibodies,
and the Amplex UltraRed soluble fluorophore. Immunoreactivity was measured in a
SpectraMax M5 Multimode Plate Reader (Molecular Devices, Sunnyvale, CA, USA) (Ex
530 nm/Em 590 nm). The calculated ratios of target protein to loading control (RPLP0) pro-
tein immunoreactivity or protein content/well were the normalized results for inter-group
statistical comparisons. In addition, the relative levels of activated EGFR and p44/42 Erk
MAPK were calculated from the ratios of tyrosine-phosphorylated to total EGFR or p44/42
Erk MAPK protein and used for statistical analysis.

2.5. mRNA Expression Studies

Commercial custom Quantigene 2.0 multiplex panels (Cat# QGP312177) were used
to measure mRNA expression for transcripts encoding insulin/IGF and Notch pathway
molecules (Table S3). Control genes used to confirm equal sample loading included hy-
poxanthine phosphoribosyltransferase 1 (HPRT1) and Ribosomal Protein L13a (RPL13A).
QIAzol Lysis Reagent (Qiagen, Germantown, MD, USA) was used to isolate total RNA.
mRNA expression was measured using multiplex assays. The 96-well assays were config-
ured by suspending xMAP fluorescent capture beads in commercially supplied buffer that
contained blocking reagent and RNA probe sets (pre-amplifier, amplifier, and biotin-label).
Following overnight incubation with 1 µg total RNA, the samples were further incubated
with streptavidin-conjugated R-Phycoerythrin. Fluorescent signals were measured in a
Luminex MAGPIX (Diasorin, Austin, TX, USA), along with calibration and verification
standards, ensuring that the fluorescence signals were proportional to RNA transcript
abundance captured by the beads. We subtracted the probe-related background from
the target median fluorescence intensity and normalized the target median fluorescence
intensity to RPL13A for statistical analysis. Negative control reactions included omission of
probe sets, RNA or SAPE.

2.6. Data Analysis

The CV, MTT, and H33342 assays were performed with 12 independent cultures per
treatment group. The ELISAs were performed using 6 independent cultures and 3 technical
replicates per treatment per assay. The technical replicates were averaged to generate
a single value per independent culture. The multiplex RNA hybridization assays were
performed with 4 independent cultures per treatment, each with three technical replicates
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that were averaged to generate a single value per independent culture. All studies were
repeated twice to assess reproducibility of results. The data were analyzed and displayed
as box-and-whisker plots using GraphPad Prism 10.5 (San Diego, CA, USA). We compared
groups using analysis of variance (ANOVA) and the post hoc Tukey multiple comparisons
test. Statistical significance was set at p ≤ 0.05.

Materials: Critical chemicals and reagents are listed in Table S4. All other fine reagents
were purchased from CalBiochem/Millipore Sigma (Burlington, MA, USA), Pierce Chemi-
cal (Dallas, TX, USA), or MilliporeSigma (St. Louis, MO, USA).

3. Results
3.1. EGF Pathway Stimulation of MO3.13 Cells

To examine the effects of EGF pathway stimulation on MO3.13 viability, cellular
abundance, and metabolic activity, 96-well microcultures were treated with 10 ng/mL EGF,
TGF-α, TGF-β, or 0.5% FBS (control). Parallel cultures were stimulated with 10 nM insulin
or 10 ng/mL IGF-1 for comparison. ANOVA tests were significant for trophic factor effects
on H33342 (p < 0.0001), MTT (p = 0.0047), and the calculated MTT/H33342 ratios, i.e., MTT
normalized to H33342 (p < 0.0001), but not crystal violet (Table S5).

The corresponding graphs and post hoc Tukey tests show that the mean levels of crystal
violet staining intensity and uncorrected MTT activity were similar across all treatments
(Figure 1A,C). In contrast, relative to 0.5% FBS, the mono-trophic factor stimulations
resulted in significantly reduced H33342 fluorescence (i.e., cellular abundance; Figure 1B)
but increased MTT/H33342 (i.e., metabolic activity corrected for cell density; Figure 1D).
Therefore, correcting for reductions in culture cell density revealed that MTT activity in the
remaining cells was significantly elevated by each of the trophic factor treatments relative
to 0.5% FBS and that the greatest increase was associated with EGF stimulation (Figure 1D).

Figure 1. Trophic factor effects on MO3.13 culture viability, cellular abundance, MTT activity,
proliferating cell nuclear antigen (PCNA), Ki-67, and activated Caspase 3. MO3.13 micro-cultures
(96-well) were stimulated with 0.5% FBS (Control), 10 nM insulin, or 10 ng/mL IGF-1, TGF-α, TGF-β,
or EGF (n = 12/treatment) for 24 h. The cells were assayed in situ for (A) crystal violet staining,
(B) H33342 fluorescence, (C) MTT activity, (D) MTT normalized to H33342 (MTT/H33342), and
(E) PCNA, (F) Ki-67, (G) activated Caspase-3, and (H) RPLP0 immunoreactivity. Box-and-whisker
plots display the horizontal mean values, 95% confidence interval limits (upper and lower edges of
the boxes), and range (whiskers). Inter-group comparisons were made by one-way ANOVA (Table S5)
with post hoc Tukey tests. Significant differences (p ≤ 0.05) relative to the control are shown within
the panels.
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3.2. Trophic Factor Effects on Proliferating Cell Nuclear Antigen (PCNA), Ki-67, and Activated
Caspase 3

ELISAs measured trophic factor-stimulated PCNA, Ki-67, and activated Caspase-3.
One-way ANOVA demonstrated significant inter-group differences in PCNA and Caspase 3,
a statistical trendwise effect on Ki-67 (0.05 < p < 0.10), and no effect on RPLP0 (Table S5).
PCNA (Figure 1E) immunoreactivity was significantly elevated in cultures stimulated
with IGF-1, TGF-α, TGF-β, or EGF, and activated Caspase 3 (Figure 1G) was significantly
reduced by insulin, IGF-1 TGF-β or EGF relative to control (0.5% FBS). In contrast, none of
the trophic factors significantly modulated Ki-67 (Figure 1G) or RPLP0 (Figure 1H) relative
to control. These findings support roles for TGF-α, TGF-β, and EGF in promoting MO3.13
cell survival, maintenance, metabolism, and anti-apoptosis, paralleling effects of insulin or
IGF-1 stimulation.

3.3. Trophic Factor Effects on EGFR and ERK-MAPK Signaling

Immunoreactivity to EGFR protein, tyrosine-phosphorylated EGFR (pY-EGFR), p44/42
Erk MAPK, and pY-p44/42 Erk MAPK were measured by ELISA with results normalized to
protein content/well. In addition, the calculated relative levels of tyrosine-phosphorylated
EGFR (pY/Total EGFR) and p44/42 Erk MAPK (pY/T p44/42-Erk MAPK) were com-
pared with respect to trophic factor stimulation. One-way ANOVA demonstrated signif-
icant inter-group differences in the total, tyrosine-phosphorylated, and relative tyrosine-
phosphorylated levels of EGFR and p44/42 Erk MAPK (Table S5). EGFR protein was
highest in the 0.5% FBS-treated control cultures and significantly lower in cultures stim-
ulated with insulin, IGF-1, TGF-α, TGF-β, or EGF (Figure 2A). In contrast, pY-EGFR
and pY/T EGFR were significantly increased by each trophic factor relative to 0.5% FBS
(Figure 2B,C). Concerning p44/42 Erk MAPK, insulin, TGF-β, and EGF significantly in-
creased p44/42 MAPK (Figure 2D), pY-p44/42 Erk MAPK (Figure 2E), and pY/T-p44/42
Erk MAPK (Figure 2F) relative to control, whereas IGF-1 and TGF-α significantly reduced
p44/42 MAPK (Figure 2D), had neutral or stimulatory effects on pY-p42/42-Erk MAPK,
and had neutral or stimulatory effects on pY/T-p44/42 Erk MAPK (Figure 2F).

3.4. Trophic Factor Effects on MO3.13 Cell Morphology

Crystal violet-stained chamber slide cultures were examined and photographed at
200× and 400× by light microscopy (Figure 3). All trophic factor treatments supported
cell viability but differentially altered cell morphology. Cultures stimulated with 0.5% FBS
exhibited cell size variability with many small dark cells mixed with larger pale cells that
lacked distinct nucleoli and nuclear membranes (Figure 3A,G). Compared with 0.5% FBS,
insulin- and IGF-1-stimulated cultures showed foci of crowding, along with a conspicuous
presence of small dark cells and larger pale cells (Figure 3B,C). Insulin-stimulated cells
also had multiple prominent nucleoli (Figure 3H), whereas IGF-1-stimulated cells had
mainly homogeneous dark (hyperchromatic) nuclear staining (Figure 3I). TGF-α-stimulated
cells had relatively homogeneous morphologies (Figure 3D) with prominent nucleoli and
tapering of cytoplasmic processes (Figure 3J). TGF-β-stimulated cultures (Figure 3E,K) had
dual populations of cells that mainly had either small dark nuclei with short processes or
larger pale morphologies (Figure 3K). EGF stimulation resulted in relatively conspicuous
cell enlargement and lower abundance of small dark nuclei relative to the other treatments
(Figure 3F,L). Automated image analysis to measure the effects of trophic factor stimulation
on cell size demonstrated that the mean cell diameters in insulin-, TGF-α-, and EGF-
stimulated cultures were significantly higher than in the 0.5% FBS-stimulated cultures
(Figure 4). In contrast, there were no significant differences in the mean cell size of IGF-1-
or TGF-β-stimulated cultures relative to 0.5% FBS-stimulated cultures.
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Figure 2. Trophic factor effects on MO3.13 EGFR and p44/42 Erk MAPK signaling. MO3.13 cells were
stimulated with 0.5% FBS (Control), 10 nM insulin, or 10 ng/mL IGF-1, TGF-α, TGF-β, or EGF for
24 h. ELISAs measured (A) EGFR, (B) tyrosine-phosphorylated (pY) EGFR, (D) p44/42-Erk MAPK,
and (E) pY-p44/42-Erk MAPK. Immunoreactivity was normalized to protein content in each well.
The calculated relative levels of (C) pY/Total EGFR and (F) pY/Total p44/42-Erk MAPK are also
shown. Box-and-whisker plots display the horizontal mean values, 95% confidence interval limits
(upper and lower edges of the boxes), and range (whiskers). Inter-group comparisons were made by
one-way ANOVA (Table S5) with post hoc Tukey tests. Significant differences (p ≤ 0.05) relative to
the control are shown within the panels.

Figure 3. Trophic factors stimulated cytomorphological effects on MO3.13 cells. Chamber
slide cultures stimulated for 24 h with (A,G) 0.5% FBS, (B,H) insulin, (C,I) IGF-1, (D,J) TGF-α,
(E,K) TGF-β, or (F,L) EGF were stained with crystal violet and photographed at 200× (A–F) and 400×
(G–L) magnifications. The final image magnifications were 650× (A–F) and 1600× (G–L). Represen-
tative images are displayed with scale bars. Black arrows = apoptotic bodies; red arrows = pyknotic
nuclei with short cell processes; brown stars = enlarged hypochromatic (pale-staining) cells,
occasionally multinucleated.
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Figure 4. CaptaVision 3.1 automated image analysis measured cell diameters of crystal violet-stained
MO3.13 cultures stimulated with different trophic factors. Measurements were obtained throughout
the entire field at 400× magnification. The above Table summarizes the number of cells counted,
their minimum (Min) and maximum (Max) diameters (Diam), and mean Diam + S.E.M. Inter-group
comparisons were made by one-way ANOVA (F = 21.50; p < 0.0001). Significant differences relative
to 0.5% FBS by the post hoc Tukey test are shown in the graph.

3.5. Trophic Factor Stimulation of Glial Markers

ELISAs measured immunoreactivity to immature (Nestin, PDGFR-α, and GALC),
early myelinating (CNPase and PLP1), and late myelinating (MAG, MOG, and MBP) oligo-
dendroglia proteins. The results were normalized to RPLP0, and inter-group comparisons
were performed using one-way ANOVA with the Tukey post hoc test. One-way ANOVA
demonstrated significant trophic factor effects on all glial molecules examined except for
PDGFR-α (Table S6). Figure 5 displays the corresponding graphs with significant post hoc
Tukey test results relative to 0.5% FBS.

Immature glial markers: Nestin (Figure 5A) and GALC (Figure 5C) were significantly
increased by insulin, TGF-β, or EGF stimulation, whereas none of the trophic factors
significantly modulated PDGFR-α expression (Figure 5B). IGF-1 also significantly increased
nestin immunoreactivity (Figure 5A). Among the early myelinating proteins, both CNPase
and PLP1 immunoreactivities were significantly increased by insulin but reduced by TGF-α
(Figure 5D,E). In addition, EGF significantly increased CNPase (Figure 5D). Regarding the
late myelinating proteins, EGF significantly increased MAG (Figure 5F), MOG (Figure 5G),
and MBP (Figure 5H) expression, while IGF-1 selectively increased MOG and TGF-β
selectively reduced MBP. In contrast, insulin and TGF-α had no significant effects on late
myelin/glycoprotein expression.

A heatmap was generated to summarize the effects of different trophic factors on glial
protein expression (Figure 6). Molecules expressed at low levels are coded with shades
of blue, while those expressed at high levels have red shades. To include all molecules
in the heatmap, the color intensity gradients were assigned categorically according to
levels of immunoreactivity. The mean relative levels of immunoreactivity are indicated
within the heatmap bins. The one-way ANOVA test results (p-values) for each molecule in
relation to trophic factor stimulation are shown below the heatmap. The heatmap depicts
the stimulatory effects of insulin on Nestin, CNPase, and PLP1, and the stimulatory effects
of IGF-1 on Nestin, CNPase, and MOG relative to 0.5% FBS. TGF-α had modest stimulatory
effects on PDGFRA and Nestin, but neutral or inhibitory effects on GALC, CNPase, PLP1,
MAG, MOG, and MBP. In contrast, TGF-β had stimulatory effects on PDGFRA, GALC,
Nestin, and PLP1, but neutral or inhibitory effects on the expression of mature myelin
oligodendroglial proteins. EGF’s effects were broadly stimulatory, except for its neutral
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impact on PDGFRA. These differential effects of TGF-α, TGF-β, and EGF may be mediated
by downstream signaling, since all three trophic factors significantly increase relative
signaling through the EGFR, and TGF-β and EGF enhanced signaling through p44/42 Erk
MAPK, whereas the effects of TGF-α were inhibitory or neutral (see Figure 2).

Figure 5. Effects of trophic factor stimulation on expression of oligodendroglial molecules. Immunore-
activity to (A) nestin, (B) PDGFR-α, (C) GALC, (D) CNPase, (E) PLP1, (F) MAG, (G) MOG, and
(H) MBP was measured by ELISA using 50 ng protein per reaction. Box-and-whisker plots display
the distribution of results (each dot is a data point) from 6 independent experimental replicates per
group, with immunoreactivity normalized to RPLP0. Inter-group comparisons were made using
one-way ANOVA (Table S6) with post hoc Tukey tests. Significant differences (p ≤ 0.05) relative to
the 0.5% FBS control groups are shown within the panels.

Figure 6. Heatmap display of trophic factor stimulation effects on the expression levels of oligoden-
droglial molecules. See the legend in Figure 5. The heatmap legend depicts the categorical scale
corresponding to the relative levels of immunoreactivity (numbers indicate upper-limit cutoff values).
The mean levels of protein expression are included in each cell. The p-values below the heatmap
show the results of the one-way ANOVA tests (see Table S6 and Figure 5).
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3.6. Interactions Between Trophic Factor Stimulation and Insulin/IGF or Notch
Signaling Networks

Oligodendrocyte growth, viability, metabolic function, and oligodendroglia/myelin
protein expression were previously shown to be regulated by insulin/IGF signaling through
the phosphatidylinositol 3-Kinase, Protein Kinase B, and the mechanistic target of ra-
pamycin (PI3K-AKT-mTOR) and MEK/ERK pathways [1]. Given the overlapping effects
of insulin and EGF on oligodendroglia protein expression, the next goal was to determine
the extent to which the stimulatory effects of EGF, TGF-α, and TGF-β were mediated
through insulin/IGF or Notch signaling networks. The approach utilized Quantigene
multiplex RNA hybridization assays to measure insulin/IGF/IRS and Notch pathway
genes. Insulin stimulation was excluded because the signaling tightly overlaps with that
of IGF-1. Multiplex RNA hybridization studies measured insulin and IGF trophic factors,
insulin and IGF receptors, and IRS mRNA transcripts. The results, analyzed by one-way
ANOVA, demonstrated significant inter-group differences in the expression of INSULIN,
IGF2, INSULINR, IGF1R, IGF2R, IRS1, and IRS2 but not IGF1 or IRS4 (Table S7). The
corresponding violin plots and post hoc Tukey test results demonstrated that TGF-α and
EGF significantly increased INSULIN (Figure 7A), IGF2 (Figure 7C), INSULINR (Figure 7D),
IGF1R (Figure 7E), IGF2R (Figure 7F), IRS1 (Figure 7G), and IRS2 (Figure 7H) mRNA tran-
scripts relative to 0.5% FBS. In addition, TGF-β significantly increased IGF2, while IGF-1
inhibited IGF2 mRNA. There were no significant trophic factor effects on IGF1 (Figure 7B)
or IRS4 (Figure 7I) mRNAs.

Figure 7. Trophic factor effects on upstream genes in the insulin/IGF signaling networks: RNA
isolated from MO3.13 cells stimulated with 0.5% FBS (control), IGF-1, TGF-α, TGF-β, or EGF was
used to measure (A) INSULIN, (B) IGF1, and (C) IGF2 growth factors and (D) INSULINR, (E) IGF1R,
(F) IGF2R, (G) IRS1, (H) IRS2, and (I) IRS4 mRNA transcripts in 4 experimental replicate samples
per assay using a multiplex RNA hybridization panel with results normalized to RPL13A. Box-and-
whisker plots were used to display inter-group differences, which were analyzed using one-way
ANOVA (Table S7) with post hoc Tukey tests. Significant differences (p ≤ 0.05) are shown within
the panels.
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A heatmap was generated to summarize the effects of different trophic factors on
insulin/IGF/IRS signaling networks (Figure 8). Molecules expressed at low levels have
blue shades, while those expressed at high levels have red shades. To include all molecules
in the heatmap, the color intensity gradients were assigned categorically according to
levels of mRNA expression. The mean mRNA levels normalized to RPL13A are shown
within the heatmap bins. The one-way ANOVA test results (p-values) are shown below the
heatmap. IGF1 reduced IGF2 mRNA but otherwise had minimal effect on the expression
of insulin/IGF/IRS pathway genes relative to the 0.5% FBS control. TGF-α and EGF had
similar effects in that both increased INSULIN, IGF2, IGF1R, IGF2R, IRS1, and IRS2 relative
to 0.5% FBS. TGF-β modestly but significantly increased IGF1R and IRS1 mRNA expression,
yielding the same directional effects as TGF-α and EGF. Otherwise, the effects of TGF-β
on insulin/IGF/IRS network gene expression were modest, similar to the findings with
respect to IGF1 stimulation.

Figure 8. Heatmap display of trophic factor stimulation effects on expression of insulin/IGF/IRS
network genes in MO3.13 cells. See the legend in Figure 7. The heatmap’s scale bar depicts the
categorical scale corresponding to the relative levels of mRNA (numbers indicate upper-limit cutoff
values). The mean relative levels of mRNA expression are included in each cell. The p-values below
the heatmap show the results of the one-way ANOVA tests (see Table S7 and Figure 7).

Multiplex RNA hybridization was used to measure trophic factor effects on Notch
network and control gene expression. One-way ANOVA tests demonstrated significant
inter-group differences in the expression of NOTCH1, JAGGED1, HES1, HEY1, and HIF1A
(all p < 0.0001; Table S8). In addition, one-way ANOVA detected no significant inter-group
differences in the HPRT1 or RPL13A control genes (Table S8).

The corresponding graphs and post hoc Tukey tests demonstrated that TGF-α and
TGF-β significantly increased mRNA levels of NOTCH1 (Figure 9A), JAGGED1 (Figure 9B),
HES1 (Figure 9C), HEY1 (Figure 9E), and HIF1A (Figure 9F). In addition, EGF significantly
increased the mean mRNA levels of HES1 (Figure 9D) and HIF1A (Figure 9E). There were
no significant trophic factor effects on HPRT1 (Figure 9F).

A heatmap was generated to summarize the effects of different trophic factors on
Notch network protein expression (Figure 10). Molecules expressed at low levels are coded
with shades of blue, while those expressed at high levels are coded with red shades.

To include all molecules in the heatmap, the color intensity gradients were assigned
categorically according to levels of mRNA. The mean mRNA levels normalized to RPL13A
are shown within the heatmap bins. The one-way ANOVA test results (p-values) are
shown below the heatmap. IGF-1 had minimal effects on Notch pathway gene expression
relative to 0.5% FBS. TGF-α and TGF-β increased NOTCH1, JAGGED1, HES1, HEY1, and
HIF1A, while EGF had more restricted effects, increasing only HES1 and HIF1A relative to
0.5% FBS.
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Figure 9. Trophic factor effects on Notch-related genes: RNA isolated from MO3.13 cells stimulated
with 0.5% FBS, IGF-1, TGF-α, TGF-β, or EGF was used to measure (A) NOTCH1, (B) JAGGED1,
(C) HES1, (D) HEY1, (E) HIF1A, and (F) HPRT1 mRNA transcripts using a multiplex RNA hybridiza-
tion panel. Results were normalized to RPL13A measured in the same reactions. Box-and-whisker
plots display inter-group differences, which were analyzed by one-way ANOVA (Table S8) and post
hoc Tukey tests (n = 4 experimental replicates per treatment group). Significant differences (p ≤ 0.05)
are shown within the panels.

Figure 10. Heatmap display of trophic factor stimulation effects on expression of the Notch network.
See Figure 9 for experimental details. The legend to the right of the heatmap depicts the categorical
scale corresponding to the relative levels of mRNA (numbers indicate upper-limit cutoff values). The
mean relative levels of mRNA are included in each cell. The p-values below the heatmap show the
results of the one-way ANOVA tests (see Table S8 and Figure 9).

https://doi.org/10.3390/neuroglia7040043

https://doi.org/10.3390/neuroglia7040043


Neuroglia 2026, 7, 43 13 of 20

4. Discussion
The main goals of this study were to characterize the nature and extent of EGFR-

stimulated effects on immature oligodendroglia functions and their interactions with
insulin/IGF and Notch pathways because EGFR is expressed in various brain cell types
during development. EGF, TGF-α, and TGF-β were the trophic factors of interest. Insulin
and IGF-1 were included as positive controls. As a negative control, 0.5% FBS was used
instead of a vehicle to prevent MO3.13 cell stress after 24 h or longer of serum/trophic factor
deprivation. Empirical studies showed that 0.5% FBS was sufficient to sustain MO3.13 cells.
However, its use as a negative control was a limitation because 0.5% FBS contains various
trophic factors [41], although their concentrations would have been far lower than those
used for mono-trophic factor stimulation [42].

Initial experiments showed that EGF, TGF-α, and TGF-β significantly increased EGFR
tyrosine phosphorylation, PCNA expression, and MTT activity normalized to cell density
(MTT/H33342), which may correspond to relative metabolic activity in MO3.13 cells.
Therefore, all three trophic factors independently stimulated EGFR signaling and supported
cell maintenance/survival. The stimulatory effects of TGF-β and EGF may have been
mediated in part by p44/42 Erk MAPK activation and suppression of apoptosis (Caspase 3
activation). The absence of corresponding increases in crystal violet (viability) or H33342
(cellular abundance) staining, despite increased PCNA, may reflect insufficient time for
mono-trophic factor stimulation to promote cell proliferation, as suggested by the lack of
modulation of Ki-67 immunoreactivity over the same period. Alternatively, mono-trophic
factor stimulation may have been suboptimum for supporting cell growth, as suggested by
the variable degrees of activated Caspase 3 immunoreactivity in the cultures. One potential
explanation for the increased MTT/H33342 in EGF-, TGF-α-, or TGF-β-stimulated cultures
is that it reflected a stress response [36], which can drive intracellular signaling. Altogether,
TGF-α, TGF-β, and EGF appeared to stimulate cell maintenance and metabolic activity via
the EGFR pathway.

Erk MAPK is a major downstream pathway activated by EGFR signaling. Correspond-
ing with the effects on EGFR signaling, MO3.13 cells exhibited significantly increased levels
of pY-p44/42 Erk MAPK and pY/T-p44/42 Erk MAPK in response to all trophic factors
except TGF-α. Moreover, TGF-α’s effects on EGFR and p44/42 Erk MAPK signaling were
largely neutral or inhibitory, in contrast to IGF-1, TGF-β, and EGF. While the stimulatory
effects of insulin and IGF-1 on PCNA were expected, significant increases in pY-EGFR were
unanticipated. However, previous reports demonstrated that IGF-1 can transactivate the
EGFR in various cell types via the generation of reactive oxygen species [43,44].

Oligodendrocytes play key roles in myelin synthesis and maintenance. Immature oligo-
dendrocytes/oligoprogenitor cells, which are premyelinating, express non-myelinating
molecules, including 2’,3’-cyclic nucleotide 3’ phosphodiesterase (CNPase), chondroitin
sulfate proteoglycan 4, galactocerebroside (GALC), platelet-derived growth factor receptor,
alpha polypeptide (PDGFRA), and proteolipid protein 1 (PLP). CNPase is well recognized
as an oligodendrocyte marker at all stages of myelination, and EGF stimulation of CNPase
(EC 3.1.4.37) [2] and basic FGF [45] have important roles in proliferation. The mature
myelinating glycoproteins MAG, MOG, and MBP have functional roles in the development
of neuronal-to-glial cell interactions, and completing, maintaining, and stabilizing myelin
sheaths. MAG is stimulated by nerve growth factor (NGF) via the p75NTR [46]. MOG di-
rectly binds to NGF to modulate axonal circuitry [47]. MOG mRNA and protein expression
are increased via activation of the FGF and IGF receptors [2,48]. Insulin and IGF-1 increase
MBP protein expression via post-transcriptional factors [3], while EGF and TGF-α were
observed to strongly inhibit oligodendrocyte MBP [28].
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The studies in MO3.13 cells showed that EGF but not TGF-α significantly increased the
expression of MAG, MOG, and MBP. IGF-1 was the only other trophic factor to stimulate
expression of MOG. Although an earlier report showed that EGF and TGF-α inhibit MBP
in mixed brain cell cultures from 4-day-old mice [28], our results concur with the find-
ings in a comprehensive review of multiple studies providing strong evidence for EGF’s
positive regulatory effects on myelination and remyelination, including the synthesis and
maintenance of mature myelin proteins [17]. One seemingly paradoxical finding was that
EGF and TGF-α had opposing effects on the expression of non-myelinating and mature
myelinating proteins, yet they are both natural ligands for the EGFR and stimulate tyrosine
phosphorylation, i.e., activation of EGFR. EGF was found to be mainly stimulatory, whereas
TGF-α was either inhibitory or neutral. Although the underlying mechanisms are not fully
explained and remain a subject of investigation, differential trophic factor effects on EGFR
stimulation and downstream signaling have been reported [49,50].

Nestin is a neuroepithelial stem cell intermediate filament expressed in both neu-
ronal and glial progenitor cells in early postnatal brain development [51]. Nestin works
with vimentin and promotes the disassembly of phosphorylated vimentin during cell
proliferation [52]. The stimulatory effects of EGF on nestin are consistent with previous
observations in glial cells, including those of immature oligodendrocyte lineage [53,54].
EGF’s actions on nestin-positive oligoprogenitor cells are mediated by signaling through
pY-EGFR and downstream activation of Ras-Raf-Erk [54], which is largely stimulatory to
growth and proliferation [31], but inhibitory to differentiation [30]. Correspondingly, EGF
stimulation of pY-EGFR in MO3.13 cells may have mediated the increased nestin expression
via Erk activation.

The EGF- and TGF-α-associated increases in INSULIN, IGF2, INSULINR, IGF1R, IGF2R,
IRS1, and IRS2 indicate that these trophic factors promote transcriptional upregulation
of insulin/IGF/IRS networks. The strikingly higher levels of IGF2 and IGF2R relative
to INSULIN/INSULINR and IGF1/IGF1R suggest a dominant role for IGF2 signaling in
immature oligodendroglial cells, corresponding with widespread expression in the brain
during development [55]. IGFs stimulate growth, survival, and differentiation of oligo-
dendrocytes [56,57]. Therefore, the stimulatory effects of EGF, TGF-α, and, to some extent,
TGF-β on insulin/IGF trophic factors and receptors may reflect one of the mechanisms by
which EGFR signaling positively regulates oligodendrocyte growth and function. Likewise,
since insulin and IGF-1 signal through IRS1 and IRS2 to mediate downstream effects via
PI3K-Akt-mTOR and Erk-MAPK, the stimulatory effects of EGF and TGF-α likely con-
tributed to the corresponding increases in oligodendrocyte/myelin protein expression.
However, some of the discordances may be explained by independent data suggesting that
cooperative signaling between EGF and other trophic factors, such as IGF or bFGF, may be
required to optimally mediate their effects on oligodendrocyte function [58]. Therefore, the
mono-stimulatory focus of this study was a limitation that could be overcome in future
investigations by characterizing the effects of multi-targeted trophic factor stimulation.

Although EGF, TGF-α, and TGF-β exhibited overlapping effects in their activation
of EGFR signaling, stimulation of PCNA, MTT activity, and Erk MAPK, and inhibition
of apoptosis (Caspase 3), their differential effects on glial protein expression were likely
mediated by differences in their activation of downstream pathways. EGF consistently
increased expression of oligodendroglial proteins relative to TGF-α, TGF-β, and control
(0.5% FBS). In contrast, TGF-α had either the lowest stimulatory or relative inhibitory
effects, whereas TGF-β’s effects were intermediate between those of EGF and TGF-α. These
relationships are depicted in heatmaps that also illustrate the degree to which EGF and
insulin/IGF broadly stimulate glial protein expression (Figure 6). Mechanistically, it is
noteworthy that EGF, like insulin/IGF, broadly increased insulin/IGF/IRS pathway gene
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expression (Figure 8) with limited Notch pathway activation (Figure 10). EGF’s stimulatory
effect on Notch pathways was marked by increased HES1, an important effector of Notch
signaling that promotes proliferation and maintenance of neural progenitor cells [59], and
HIF1A, which activates Notch [60].

The EGF-associated minimal upregulation of Notch genes correlates with increased
expression of the mature oligodendrocyte/myelin glycoproteins, MOG, MAG, and MBP. In
contrast, the finding that TGF-α and TGF-β broadly increased the expression of Notch path-
way genes as well as HIF1A corresponds with the failure of these trophic factors to increase
MAG, MOG, or MBP since Notch has inhibitory effects on oligodendroglial maturation [34].
This concept is reinforced by the inhibitory effects of TGF-α on CNPase and PLP, which
are also expressed in mature oligodendroglial cells. Altogether, the differential effects of
EGF, TGF-α, and TGF-β on oligodendroglial cell function could be attributed to EGF’s
prominent dual activation of EGFR and Insulin/IGF/IRS pathways, TGF-α’s triple acti-
vation of EGFR, Insulin/IGF-IRS, and Notch networks, and TGF-β’s dominant activation
of EGFR and Notch. Alternatively, TGF-α and EGF may mediate their effects on oligo-
dendroglial protein expression via activation of IGF networks rather than EGFR. TGF-β
signaling through its own receptor and SMAD [34,61] mediates differentiation and matura-
tion of oligodendrocyte progenitor cells into myelin-producing oligodendrocytes, whereas
receptor depletion inhibits oligodendroglial maturation [34]. Trophic factor activation of
the EGFR, marked by increased tyrosine phosphorylation, can directly support growth
and migration of immature glial cells during development [15,62], including oligodendro-
cytes [30]. In addition, TGF-α- and TGF-β-mediated effects on Notch pathway genes can
stimulate survival, growth, and migration [4,5,63] and inhibit differentiation/maturation
into myelin-producing oligodendrocytes [64], yet Notch can transcriptionally regulate
EGFR via p53 [26]. The findings herein that TGF-α and TGF-β broadly increase Notch-
related gene expression suggest they have important roles in maintaining oligodendroglia
cells in an immature state [64]. However, TGF-β transactivation of the EGFR can lead to
inhibition of cell growth and increased apoptosis, or enhanced growth in relation to tumor
progression [65,66]. The consequences of TGF-β stimulation depend upon the intracellular
signaling pathways engaged.

EGF, TGF-α, and TGF-β notably increased pY-EGFR, PCNA, HES1, HIF1A, and nestin.
Importantly, HIF-1α/EGFR crosstalk has been well described such that EGF promotes
HIF-1α expression and signaling, and EGF/EGFR signaling is enhanced by HIF-1α [67,68].
Increased HIF-1α inhibits maturation of oligoprogenitor cells and the expression of mature
oligodendrocyte proteins [69,70], corresponding with the TGF-β-associated reduction in
MBP and stimulation of GALC (non-myelinating–pre-myelinating protein) in MO3.13 cells.
Since HIF-1α signals through Notch, the increased levels of both HIF1A and Notch-related
mRNA transcripts in TGF-α- and TGF-β-stimulated cultures likely account for their neutral
or inhibitory effects on mature oligodendrocyte marker expression. In contrast, in EGF-
stimulated cultures, elevated levels of HIF-1α were not associated with broadly increased
Notch gene expression, suggesting that EGFR/HIF-1α interactions are functionally active
under EGF, TGF-α, and TGF-β, whereas HIF-1α/Notch pathway modulation occurs with
TGF-α or TGF-β but not EGF stimulation. These types of differential downstream signaling
effects of EGF, TGF-α, and TGF-β are likely critical to the function and fate of immature
oligodendroglial cells. HIF-1α activates Notch by binding to the Notch intracellular domain
under low-oxygen states [60] and maintains primitive undifferentiated cell states [71,72].
Additional research is needed to understand why HIF-1α activates Notch pathways in TGF-
α- and TGF-β-stimulated but not EGF-stimulated MO3.13 immature oligodendroglial cells.

https://doi.org/10.3390/neuroglia7040043

https://doi.org/10.3390/neuroglia7040043


Neuroglia 2026, 7, 43 16 of 20

5. Limitations
• The experimental design utilized an immortalized hybrid glial cell line that is not fully

representative of oligodendrocytes. Future studies should utilize primary oligoden-
drocyte cultures to validate the results.

• ELISAs were performed with RRID-validated antibodies to measure immunoreactivity.
However, additional approaches such as Western blotting and quantitative immunocy-
tochemical staining would enrich data quality and help to confirm antibody specificity.

• Further studies designed to specifically inhibit or activate EGFR pathways in non-
transformed cells are needed to mechanistically link the observed trophic factor effects
to oligodendroglia function with insulin/IGF and Notch pathways.

6. Conclusions
• In MO3.13 cells, EGF, TGF-α, and TGF-β were shown to activate EGFR, but only EGF

and TGF-β significantly increased p44/42 Erk MAPK signaling. EGFR activation was
associated with increased MTT activity and PCNA expression, while increased p44/42
Erk MAPK signaling was associated with inhibition of activated caspase-3 expression.
Although reduced Caspase-3 activation may reflect decreased apoptosis or improved
cell survival, confirmatory experiments are needed to accurately interpret the finding.

• EGF, TGF-α, and TGF-β differentially modulated the expression of oligodendroglia
proteins. EGF consistently upregulated their expression, whereas TGF-α and TGF-β
exerted mainly neutral or inhibitory effects on mature oligodendroglia proteins.

• EGF and TGF-α altered the expression of insulin/IGF/IRS-related mRNA transcripts.
• EGF, TGF-α, and TGF-β increased HIF1A mRNA, which may have contributed to

Notch activation.
• TGF-α and TGF-β altered the expression of Notch pathway-related genes, as demon-

strated by increased levels of NOTCH, JAGGED, HES1, and HEY1 mRNA transcripts.
In contrast, EGF’s effect on the Notch pathway-related genes was limited.

• EGF’s predominantly stimulatory effect on oligodendrocyte proteins was associated
with increased insulin/IGF/IRS pathway gene expression paired with mainly neutral
effects on Notch. We hypothesize that EGF’s regulation of oligodendrocyte proteins
may be mediated through IGF pathways rather than EGFR-specific signaling. Further
validation experiments are needed, particularly given the limitations of the MO3.13
cell model.

• TGF-βs mainly neutral to inhibitory effects on oligodendroglia proteins were associ-
ated with increased Notch pathway mRNA expression and limited or absent changes
in the expression of insulin/IGF/IRS pathway genes.
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Abbreviations
The following abbreviations are used in this manuscript:

Abbreviation Full Name
Akt Protein kinase B
CNS Central nervous system
CNPase 2’,3’-cyclic nucleotide 3’-phosphodiesterase
BCA Bicinchoninic acid assay
CNPase 2’,3’-cyclic-nucleotide 3’-phosphodiesterase
DMEM Dulbecco’s Modified Eagle Medium
EGF Epidermal growth factor
EGFR Epidermal growth factor receptor
ELISA Enzyme-linked immunosorbent assay
ERK Extracellular signal-regulated kinase
FASD Fetal alcohol spectrum disorder
FBS Fetal bovine serum
GALC Galactocerebroside
GFAP Glial fibrillary acidic protein
HEY Hairy/Enhancer-of-split like with a Y
HES Hairy and enhancer of split
HIF1A Hypoxia-inducible factor 1 alpha
HPRT1 Hypoxanthine phosphoribosyltransferase 1
IGF Insulin-like growth factor
IGF-1R Insulin-like growth factor 1 receptor
Insulin-R Insulin receptor
IRS Insulin receptor substrate
MAG Myelin-associated glycoprotein
MAPK Mitogen-activated protein kinase
MBP Myelin basic protein
MO3.13 Human oligodendroglial hybrid cell line
MOG Myelin oligodendrocyte glycoprotein
mTOR Mechanistic target of rapamycin
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
PBS Phosphate-buffered saline
PCNA Proliferating cell nuclear antigen
PDGFRA Platelet-derived growth factor receptor alpha
PI3K Phosphatidylinositol 3-kinase
PLP1 Proteolipid protein 1
RPL13A Ribosomal protein L13a
RPLP0 Large acidic ribosomal protein
TGF-α Transforming growth factor alpha
TGF-β Transforming growth factor beta
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