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SUMMARY

Neurodegenerative diseases, such as Parkinson's
disease and Alzheimer's disease, affect the lives
of more than 50 million individuals each year.
Neurodegeneration is the progressive damage and
loss of nerve cells (neurons) in the brain. Considering
the vital role that neurons play and their inability
to regenerate, there is a significant challenge for
the treatment of these disorders. We investigated
a potential mechanism to replenish lost neurons,
with the aim of restoring some cognitive and
motor functions, slowing disease progression, and
improving quality of life for individuals affected by
neurodegenerative disorders. We hypothesized that
astrocyte to neuron transdifferentiation could be
initiated by the upregulation of microRNA-124a (miR-
124a), causing astrocytes to go down the lineage of
the specific neuronal subtype present locally. Initial
in silico findings suggested the role of miR-124a was
significant in the downregulation of polypyrimidine
tract binding protein 1 (PTBP1). Additional genome
analysis showed that upregulation of miR-124a was
associated with enriched gene ontologies of neuron
projection, axons, and genes in the synaptic vesicle
pathway. To investigate these findings in vitro, we
utilized an astrocyte cell line derived from a mouse’s
cerebellum (C8-D1A). After achieving a stable
transfection of the cells to upregulate miR-124a, pan-
neuronal markers beta tubulin Ill (TUJ1) and SRY-box
transcription factor 2 (SOX2) showed a significant
increase in expression. However, regional-specific
neuronal markers were not present, suggesting that
transdifferentiation began but had not progressed to
full conversion. Overall, our study suggests miR-124a
plays a role in initiating neuronal differentiation and
should be further studied as a target in combating
neurodegeneration.

INTRODUCTION

Neurodegenerative diseases are among the leading
causes of disability and death worldwide, with their prevalence
steadily increasing (1). Neurons play a vital role in the proper
functioning of the human brain, acting as messengers that
transmit sensory signals throughout the body. However,
unlike the majority of cell types in the human body, nerve cells
have limited to no ability to regenerate (2). Consequently,
diseases that cause progressive loss of neurons, known as
neurodegeneration, are very difficult to treat. Some of the most

common neurodegenerative diseases include Alzheimer’s
disease, Parkinson’s disease, and spinocerebellar ataxia
(1). Alzheimer’s disease is characterized by the accumulation
of amyloid-beta plaques and tau tangles, leading to synaptic
dysfunction, neuronal loss, and cognitive decline (3).
Parkinson’s disease is caused primarily by the death of
dopaminergic neurons in the substantia nigra - an essential
part of the basal ganglia, the area of the brain that controls
movement (3). Dopaminergic neurons are nerve cells that
produce an important neurotransmitter in the brain called
dopamine (3). Similarly, spinocerebellar ataxias are a type of
neurodegenerative disease that causes the degeneration of
cerebellar Purkinje neurons (4). This causes an absence of
voluntary muscle coordination, such as eye movement and
speech (4).

For decades, efforts to treat neurodegenerative diseases
have primarily centered on therapeutic interventions to
alleviate symptoms and slow disease progression. However,
currently, there are no treatments that try to reverse the
natural course of this disease. Focusing on replenishing the
lost neurons in the brain may be a key new approach when
addressing neurodegeneration. We investigated a potential
method to induce the transdifferentiation of non-neuronal cells
along a neuronal lineage by investigating cellular mechanisms
that inhibit or suppress the process of neuronal differentiation
and countering them. Transdifferentiation is the process of
making cells revert to a state where they can switch lineages
and convert to a different cell type (5). It is important to note
that this can easily be confused with dedifferentiation, which
is when cells revert back to a less differentiated and more
proliferative stage within their own lineage (5).

MicroRNAs (miRNAs) are short, non-coding RNAs that
contain an average of 22 nucleotides and play an important
role in regulating gene expression in cells (6). miRNAs
bind to their messenger RNA (mRNA) targets, inhibiting
translation, which stops protein production (7). microRNA-
124a (miR-124a) is one of the most highly expressed
miRNAs in the brain and has been reported to be upregulated
during neurodevelopment and neurogenesis (8). miR-124a
suppresses the expression of many non-neuronal genes
and has been previously shown to play a role in cell fate
determination, neuronal stem cell differentiation, and neuronal
maturation (9). Most importantly, miR-124a is a well-known
regulator of RE1-silencing transcription factor (REST), and the
associated proteins that make up the REST complex. REST
suppresses the expression of many neuronal-specific genes
in non-neuronal cells, including miR-124a; hence, the two
form a feedback loop during neuronal differentiation (10).

Another main component of this loop is polypyrimidine tract
binding protein 1 (PTBP1), a protein that plays a major role in
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regulating pre-mRNA splicing (11). PTBP1 is highly expressed
in non-neuronal cells but is downregulated in neurons during
differentiation, which changes the alternative splicing patterns
of a cell, resulting in the expression of neuronal genes (11).
Therefore, we sought to investigate the miR-124a/REST loop
and the role of PTBP1 in neuronal differentiation (Figure 1).
The central nervous system consists of a variety of cells,
including neural precursor cells, neuroblasts, and glial cells,
including astrocytes. Converting any of these cells into
mature neurons may reduce deficits caused by neuronal
degeneration. Astrocytes, non-neuronal cells that help support
and protect neurons, are abundant in the brain in the same
areas as lost neurons in many neurodegenerative diseases.
Unlike neurons, astrocytes are able to proliferate, making
them the ideal target for conversion into neurons (12).

It is important to consider the regional specificity of
conversion. Throughout the brain, there are hundreds
of different types of neurons, classified based on their
morphology, neurotransmitter type, and function, each playing
a distinct role in neural circuits. As of now, little is known about
the mechanisms around what “type” of neuron a non-neuronal
cell would differentiate into. Due to the distinct genetic profiles
of astrocytes in various brain regions and differences in
microenvironment signals, astrocytes may convert to the
specific subtype of neurons naturally present around them
(13). In order to assess the stage of neuronal differentiation
the astrocytes reached, SRY-box transcription factor 2 (SOX2)
was a significant marker in this study. SOX2 is a marker for
immature neurons and neural progenitor cells, and it is
indicative of the proliferative and multipotent state of these
cells. However, as neuronal differentiation progresses, the
downregulation of SOX2 is often observed as cells transition
from a proliferative state to a more differentiated neuronal
phenotype. Thus, the dynamic expression of SOX2 during
neurogenesis serves as a reliable indicator of the neural stem
cell population and their progression toward neuronal lineage
commitment and differentiation.

We tested the hypothesis that the upregulation of miR-124a
in astrocytes derived from the cerebellum would initiate the
transdifferentiation of the cells into neurons. The cerebellum
consists predominantly of Purkinje neurons and granule
neurons. Hence, we hypothesized that if transdifferentiation
was successful, it would result in neurons of one of these two
subtypes. Results showed an upregulation in the expression
of pan-neuronal markers, indicating a shift toward a neuronal
identity. However, there was no significant change in regional
specific markers. This research will contribute to a better
understanding of the role and mechanisms of miR-124a in
neuronal identity and regional specificity. Ultimately, insights
from this study can help inform future strategies for cell-based
therapies aimed at replacing lost neurons in neurodegenerative
diseases.

RESULTS

First, we looked in silico at miR-124a’s predicted target
genes, obtained from an online microRNA target prediction
database (14). These miR-124a target genes were put through
the online analyzer EnrichR to find the enriched pathways and
biological functions associated with the genes (15). Many
pathways with mechanisms involving cell differentiation, axon
growth, and neurite outgrowth were found to be upregulated
(Table 1). These findings underscore the significance of
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Figure 1. MicroRNA 124-1 (miR-124a) and polypyrimidine
tract binding protein 1 (PTBP1) regulation of RE1-silencing
transcription factor (REST) and neuronal gene expression
in non-neuronal versus neuronal cells. Solid arrows represent
active regulatory interactions occurring, while dotted arrows indicate
pathways that are inactive. (A) In non-neuronal cells, high PTBP1
expression stabilizes REST activity, which inhibits neuronal gene
expression. REST also suppresses miR-124a levels, reinforcing
non-neuronal identity. (B) In neuronal cells, high miR-124a levels
suppress PTBP1 expression, leading to REST inhibition and the
activation of neuronal genes.

Database Pathway Relevant Mechanisms

MAPK1 signaling
pathway

cell proliferation and

PPl Hub Proteins differentiation

cytoskeletal dynamics, cell

BioPlanet 2019 migration, and axon growth

Axon guidance

Signaling by nerve
growth factor (NGF)

cell survival, neurite outgrowth,

BioPlanet 2019 and synaptic plasticity

Table 1. Enriched pathways among the target genes of miR-
124a. Genes were put into an online analyzer Enrichr, and biological
pathways that are significantly overrepresented in the input gene list
were generated.

miR-124a in the regulation of various biological processes
associated with cell differentiation, reaffirming its role as a key
regulator and critical target for studying astrocyte to neuron
transdifferentiation.

Building on the known role of miR-124a in differentiation,
we investigated the impact of its overexpression in non-
neuronal cells. We used a publicly available gene expression
data set, GSE8498, which contains gene profiles for cath.-
a-differentiated (CAD) cells overexpressing miR-124a
compared to control cells. CAD cells are derived from a
mouse neuroblastoma cell line. Neuroblastoma cells are not
fully developed and are unable to function as normal neurons.
CAD cells generally require serum starvation or retinoic acid
treatment in order to further develop into mature neurons.
However, this dataset was used to investigate if miR-124a
upregulation was able to induce neuronal differentiation
without any additional treatments (16).

Using the Gene Expression Omnibus (GEO2R) analyzer,
an interactive web tool that allows for the comparison of gene
expression across experimental conditions by identifying
differentially expressed genes, we obtained data on the
change of expression levels of various genes in the miR-124a

Journal of Emerging Investigators « www.emerginginvestigators.org

30JULY 2025 | VOL 8 | 2



EMERGING INVESTIGATORS

treated verses control cells (17). We then placed a statistical
significance threshold of an adjusted p-value (p.adj) < 0.05
and an expression change of |log,(Fold Change (FC))| > 1
to find the differentially expressed genes (DEGs) after miR-
124a overexpression. We identified at total of 61 DEGs: 15
upregulated genes and 46 downregulated. ldentifying the
DEGs provided insight into how the overexpression of miR-
124a affects and changes the gene expression profile of
neuroblastoma cells. As hypothesized based on the known
interactions of miR-124a and PTBP1, PTBP1 was significantly
downregulated. This effect of miR-124a on PTBP1 activity
further supports its role in regulating the inhibition of neuronal
differentiation. Next, the 15 most upregulated genes were
analyzed in EnrichR to look for upregulated cell types and
ontologies. EnrichR gene analysis indicated a significant
association with many different neuronal cell types. The most
relevant and significant cell types that were enriched were
trigeminal neurons, neurons, chromaffin cells, immature
neurons, and interneurons (Figure 2). An analysis on gene
ontologies showed the enrichment of neuron projections,
neuron parts, cell projections, and axon ontologies (Figure
3). On the other hand, when the 46 downregulated genes
were analyzed, cell types such as microglial cells and many
astrocyte-related cells were found to be associated with the
genes. This suggests a reduction in astrocyte-related gene
expression, supporting the hypothesis that the cells were
becoming more neuronal.

Next, we used the C8-D1A cell line, which consists of
astrocytes isolated from the cerebellum of mice, and stably
transfected these cells with a miR-124a expression plasmid.
We saw a 1.59-fold increase of miR-124a expression in miR-
124a transfected cells over those transfected with the empty
control plasmid (Table 2). As hypothesized, an enzyme-linked
immunosorbent assay (ELISA) on PTBP1 expression showed
a significant decrease in the expression of PTBP1 in treated
astrocytes. This supports the claim that miR-124a upregulation
is not only capable of initiating neuronal maturation from
precursors but also initiating transdifferentiation from
astrocytes to neurons.

Pan-neuronal marker beta tubulin Il (TUJ1) was found to
be upregulated in the astrocytes, further indicating that the
cells went down a neuronal lineage after treatment. TUJ1 is a
protein that plays a crucial role in the formation of microtubules,

Trigeminal Neurons *1.70e-05
Neurons 3.75e-03

Purkinje Fiber Cells 5.57e-03
Chromaffin Cells 7.87e-03
Immature Neurons 9.7e-03
Retinal Ganglion Cells 1.39e-02
Cajal-Retzius Cells 1.55e-02
Interneurons 4.38e-02
Glycinergic Neurons 1.04e-01

Cholinergic Neurons 1.06e-01

0 1 2 3 a
—logo(p-value)

Figure 2. Top enriched cell types following miR-124a
upregulation. The top 10 cell types enriched for gene signatures
derived from genes upregulated in Cath.-a-differentiated (CAD)
cells with increased miR-124a expression. Cell type enrichment
was determined using the PanglaoDB_Augmented_2021 gene set
library.
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which are essential components of the cytoskeleton (18). This
protein is primarily expressed in neurons and is commonly
used as a neuronal marker, especially when testing for
neurodevelopment and neurobiology (18). TUJ1 is specifically
associated with the early stages of neuronal differentiation
and is often used as a marker to identify immature or
differentiated neurons in cell cultures (18). Pan-neuronal
marker and SRY-box transcription factor 2 (SOX2) was also
found to be upregulated, indicating a more pluripotent state
in the cells (Figure 4). However, while SOX2 is a marker for
all neural stem cells, the concurrent upregulation of TUJ1—
specific to neurons—suggests that these astrocytes are not
merely reverting to a pluripotent state but are undergoing
transdifferentiation toward a neuronal phenotype. However,
further investigation is necessary to definitively distinguish
between transdifferentiation and dedifferentiation.

Following the initial indications of transdifferentiation
to neurons, the study aimed to assess the regional
specificity of this process. However, this hypothesis was
not supported by the results, as zinc finger protein of
cerebellum 1 (ZIC1), a granule cell-specific marker, and
calbindin 1 (CALB1), a Purkinje cell specific marker, were both
found to have no statically significant change in their expression
levels after the upregulation of miR-124a. Further analysis was
conducted to assess the presence of neurotransmitters. This
was because in many neurodegenerative diseases, the primary
symptoms often arise not from the direct loss of neurons but
from the deficiency of specific neurotransmitters they produce
within the brain (19). It was hypothesized that there would
be an increase in the release of neurotransmitters. However,
glutamate decarboxylase 1 (GAD1), a marker for GABAergic
neurons responsible for producing the neurotransmitter
gamma-aminobutyric acid (GABA), did not show any
significant change in expression following the treatment.
GABA was tested for as it is the main neurotransmitter in the
cerebellum part of the brain (Figure 4).

In silico findings indicated biological processes of cell
projections, axons, and neuron projections were enriched after
miR-124a upregulation (Figure 3). Additionally, the neuronal
marker TUJ1 was found to be upregulated after treatment,
indicating an increase in growth of projections and axons
(Figure 4). Next, using ImageJ, neurite growth was measured
from randomly selected images of the cells with miR-124a
overexpression and control cells. Six different cell projections
were measured and averaged from each experimental
group. A statistically significant increase in the length of cell
projections in the treated group was seen (p<0.05) (Figure 5).
While the projections could be either neuronal or astrocytic,
the increase in TUJ1 suggests that the projections are likely
neuronal.

Sample Ct{miR-124a) Ct(U6) dCt
MiR-124a 10.26 10.49 -0.23
Control/Vector 12.04 11.6 0.44

Table 2. Analysis of gene expression levels after transfection.
Gene expression levels were qualified using the AACq method, where
the Ct values of the target gene were normalized to a reference gene
and compared between experimental groups to calculate relative
fold changes in gene expression. Calculation showed a 1.56 fold
increase of miR-124a.
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DISCUSSION

Our results revealed the initial transdifferentiation of both
neuroblastoma cells (in silico) and astrocytes (in vitro) along a
neuronal lineage. Investigations began with an analysis of the
predicted targets of miR-124a. The in silico results showed
the association of the target genes with biological processes,
including cell differentiation and the negative regulation of
neurogenesis. Additionally, the associated pathways that are
pertinent to neuronal differentiation were identified. These
results underscored the potential of miR-124a as a promising
target for further investigation, emphasizing its importance in
the context of potential therapeutic strategies aimed to control
or manipulate neuronal differentiation. To further understand
the functions of miR-124a, data analysis of the DEGs from
neuroblastoma cells with miR-124a overexpression versus
control cells was conducted. Following the upregulation of
miR-124a, numerous enriched pathways, cell types, and gene
ontologies associated with neurons became evident in the
cells. These results indicated that the increase in miR-124a
played an important role in directing neuroblastoma cells
further along the neuronal lineage (Figure 6).

To further assess the efficacy of miR-124a on
transdifferentiation, an astrocyte cell line was utilized in
vitro. Astrocytes were chosen based on their hypothesized
transdifferentiation  potential and possible therapeutic
significance in neurodegenerative disorders, as they are
located close to the lost neurons. Results showed that
expression of PTBP1, a molecule that plays a main role in
inhibiting cells from going down a neuronal pathway, was
downregulated. Additionally, pan-neuronal marker TUJ1 was
upregulated, indicating differentiation had been initiated.
However, when testing the regional specificity of conversion,
specific cerebellum neuronal markers showed no statistically
significant change in expression.

To assess the reason why differentiation into specific
neuronal subtypes did not occur, the expression of SOX2
provides some insight. SOX2 was found to be upregulated
in the cells after overexpression of miR-124a, indicating
that while transdifferentiation had been initiated, it had not
yet been completed to express regional neuronal types and
mature neurons. All ELISAs done were performed 14 days
after transfection, only showing the early and immediate
changes in gene expression. It is important to note that while
the in silico study analyzed cells incubated for only 48 hours
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after transfection, we extended the incubation period to 14
days to observe not only changes in gene expression but
also morphological changes. Time is a contributing factor in
the progression of neuronal differentiation, suggesting that the
cells might not have had adequate time to fully mature and
complete the differentiation process.

Investigating the short-term effects following miR-
124a upregulation in astrocytes helped gain insights into
the immediate molecular and cellular changes induced by
miR-124a. This research was able to pinpoint the initial
regulatory events and signaling pathways that are activated
or suppressed in response to miR-124a overexpression. It is
necessary to continue to study the role of miR-124a in neuronal
differentiation and determine its long-term effects in order to
apply this research to future investigations around therapies
for neurodegenerative diseases. In future investigations,
transfected cells will be grown for one month and then tested
for expression of regional neuronal markers.

While the limited incubation time is one constraint, there
are several additional limitations that need to be considered.
First, the use of a monoculture system fails to capture the
complex signaling and cell—cell interactions that are present
in the brain. The differentiation process was likely restricted
by the lack of supportive glial cells and extracellular matrix
components. Additionally, the study was limited to a single
astrocyte cell line and did not include any experiments on
primary human cells or in vivo models, which are critical for
translational relevance. In the future, these limitations could
be addressed by incorporating 3D culture systems such as
brain organoids or hydrogel-based scaffolds to better mimic
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Figure 4. Expression of neuronal markers after miR-124a
overexpression in C8-D1A cell line. Expression of neuronal
markers was measured using an enzyme-linked immunosorbent
assay (ELISA). Bars represent the mean * standard deviation (n=4).
An unpaired, two-tailed Student’s t-test was conducted to assess
statical significance. ** = p<0.005 ; *** = p< 0.001. (A) Expression
level, based on absorbance, for polypyrimidine tract binding protein
1 (PTBP1, blue), beta tubulin Ill (TUJ1, orange) and SRY-box
transcription factor 2 (SOX2, turquoise) in control cells and miR-
124a upregulated cells. (B) Expression levels for zinc finger protein
of cerebellum 1 (ZIC1, black), calbindin 1 (CALBH1, light blue), and
glutamate decarboxylase 1 (GAD1, grey) in control cells and miR-
124a upregulated cells.
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Figure 5. Neurite outgrowth after overexpression of miR-124a.
(A) Sample image of control cells. (B) Sample image of treated cells
after the overexpression of miR-124a. Pink lines represent traced
cell projections that were quantified by length in pixels. Images taken
with Nikon Eclipse TS100 microscope at 100x magnification. (C)
Average of cell projection lengths. Bars represent means + SD (n=6).
An unpaired, two-tailed Student’s t-test was conducted to assess
statical significance. * = p< 0.05.

the neural microenvironment. Co-culturing astrocytes with
neurons or microglia and using brain-on-a-chip technology
could also provide more physiologically relevant data.

Ultimately, these findings lay the groundwork for more
comprehensive studies on miR-124a upregulation and its role
in cellular reprogramming. By demonstrating the initiation of
astrocyte-to-neuron transdifferentiation, this study highlights
the potential of miR-124a as a molecular tool to convert
resident, non-neuronal cells in the brain into neurons. This
could pave the way for regenerative therapies that do not
rely on stem cell transplantation or invasive procedures. miR-
124a-based strategies may offer a means of replenishing lost
neurons directly within affected brain regions, thereby restoring
neural circuits and function in patients with neurodegenerative
diseases such as Parkinson’s and Alzheimer’s. If optimized
and validated in human models, this approach could
significantly enhance our ability to treat these conditions at the
cellular level, offering hope for more effective, personalized,
and long-lasting interventions.

MATERIALS AND METHODS
miRDB - MicroRNA Target Prediction Database

MIiRDB is an online resource that uses the MirTarget
bioinformatics tool to predict miRNA targets. MirTarget uses
machine learning methods to analyze numerous miRNA
interactions with their targets. It does so by identifying common
reactions to miRNA binding and changes in the expression
of possible targets (14). It was used to identify the predicted
target genes of miR-124a.

Gene Expression Omnibus (GEO)

For our analysis, we utilized the publicly available gene
expression dataset GSE8498 from the Gene Expression
Omnibus (GEO), originally generated by a research group
studying gene regulation in CAD cells (mouse neuroblastoma
cell line) transfected with a plasmid expressing miR-124a-2,
alongside a control group transfected with an empty plasmid
(16). In this dataset, gene expression levels were measured
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Figure 6. Summary of findings. /n silico results showed as miR-
124a increased, PTBP1 decreased and neuronal related pathways,
cell types, and gene ontologies increased. In vitro results showed
as miR-124a increased, PTBP1 decreased, pan-neuronal markers
increased, and specific neuronal subtype markers showed no
change.

in untreated CAD cells and in CAD cells 48 hours after
transfection. The dataset includes only expression values,
which we analyzed using GEO2R, an interactive online
tool designed to compare gene expression across multiple
experimental conditions and quantify differential expression
(17).

Enriched gene ontologies and cell types

The upregulated differentially expressed genes (DEGs)
from the GSE8498 dataset were determined by an p.adj < 0.05
and an |log,FC| > 1. The DEG'’s list was exported to an online
tool, EnrichR, which identified significant gene ontologies,
cell types, and pathways associated with the differentially
expressed genes (15). For the GSE8498 data set, associated
ontologies were found by comparison with the Jensen_
COMPARTMENTS gene set and associated cell types were
found by comparison with the PanglacDB_Augmented_2021
gene set. The list of predicted miR-124a gene targets was
compared to PPl Hub Proteins, WikiPathway 2023 Human,
and BioPlanet 2019 databases to find associated pathways.

Cell culture

The cells used in experimentation were mouse (Mus
musculus) astrocytes (C8-D1A) purchased from the American
Type Culture Collection (ATCC). The cells were cultured at
37°C with 5% CO, and grown in Dulbecco’s Modified Eagle
Medium (DMEM) (Invitrogen, Grand Island, NY) supplemented
with 10% fetal bovine serum (Invitrogen), 1% Penicillin/
Streptomycin (Invitrogen), and 1% N, growth supplement
(Invitrogen). When cells reached confluency, they were split
and transferred to fresh medium using 0.05% trypsin-EDTA
(Invitrogen). Trypan blue exclusion using a Vi-CELL XR Cell
Viability Analyzer was used to assess the cells viability. Cells
for all assays were plated at 0.12 x 108 cells/ml.

Transfection
C8-D1A astrocytes were transfected with MegaTran 1.0/
DNA complexes (Origene, Rockville, MD) for miR-124a and
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PCMV-miR (empty vector) according to Origene protocol for
DNA plasmid transfection. Stable transfection was maintained
in 400 pg/mL of G418 (Sigma, St. Louis, MO) media. The
success of transfection was confirmed through quantitative
reverse transcription polymerase chain reaction (qRT-
PCR). Total RNA was isolated from miR-124a and PCMV-
miR transfected cells using Origene’s Vantage RNA Kit and
converted into complementary DNA (cDNA) for gRT-PCR.
After qRT-PCR was performed, data was analyzed using the
AACq method.

Preparation of lysates

Phosphate buffer saline (PBS) (10010023, Gibco,
Waltham, Massachusetts, USA), 1X lysis buffer (9803S, Cell
Signaling Technology, Danvers, MA, USA), and protease
inhibitor cocktail (Sigma-Aldrich, St. Louis, MO) were kept
on ice. Cells were trypsinized and centrifuged at 1200 rpm
for 7 minutes to form a pellet. Cell pellets were resuspended
with 1 mL of PBS, centrifuged in a microcentrifuge tube, and
subsequently centrifuged again at 1000 rpm for 7 minutes.
PBS was poured out, and 1 mL of lysis buffer (containing 1%
protease inhibitor cocktail) was added at a concentration of
1 x 109 cells/mL. Microcentrifuge tubes were placed on ice
for ten minutes. Samples were centrifuged at 13,000 rpm
for 15 minutes at 4°C. Clear supernatant was decanted into
microcentrifuge tubes, which were chilled on ice. Lysates and
supernatants were stored at -80°C until use.

Indirect Enzyme-Linked Immunosorbent Assays (ELISA)

Indirect ELISAs were used to determine the expression of
various neuronal marker proteins in cells treated with miR-124a
expression plasmid. Lysates were plated at 100 microliters per
well in a 96-well ELISA plate and sealed with a plastic film.
After 1 hour, liquid in the plate was decanted, and 300 pL of
bovine serum albumin (BSA) Blocking Buffer was administered
to each well. After 1 hour, BSA Buffer was decanted, and
100 pL of the primary antibody was added in each well for
one hour and incubated at room temperature. The primary
antibodies used were specific for proteins PTBP1 (TA380479
, OriGene), TUJ1 (TA382932, OriGene), SOX2 (TA381896,
OriGene), CALB1 (10217-654, VWR/AVANTOR), ZIC1 (200-
401-159, FISHER/Thermo-scientific), and GAD1 (TA371193,
OriGene). Then, the primary antibody was removed, plates
were washed 3 times with a wash buffer, and 100 pL of goat
anti-rabbit secondary antibody (31460, Invitrogen) was added
in each well for one hour and the plate was incubated at room
temperature. After washing with a wash buffer, 100 uyL ABTS
Substrate Solution (KPL) was added to each well. The plate
was read at 405 nm in the BioTek ELx808 Absorbance Plate
Reader.

ImageJ analysis

Images of cells were taken with the Nikon Eclipse TS100
microscope at 100x magnification and were randomly selected
to be analyzed. Images were then uploaded to ImageJ, a
public domain software for processing and analyzing scientific
images. Fiji, a distribution of Imaged that includes many useful
plugins, including NeurondJ, was used to analyze morphological/
cell projection changes in the cells after treatment. Six cell
projections were measured and averaged for analysis.
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Statistical analysis and figures

Statistical significance was determined using an unpaired,
two-tailed Student’s t-test. An p.adj < 0.05 was considered
statistically significant. Log,(FC) values greater than 1 or less
than -1 were considered biologically relevant. Assays were
conducted two or more times, each with four replicates (n =
4). Standard deviation is represented by error bars in all bar
graphs. Figures and diagrams were created by the author
using Microsoft Excel, BioRender, GEO2R, EnrichR, and
Appyter.

Received: June 25, 2024
Accepted: January 20, 2024
Published: July 30, 2025

REFERENCES

1. “Neurodegenerative Diseases.” Cleveland Clinic, (n.d.),
https://my.clevelandclinic.org/health/diseases/24976-
neurodegenerative-diseases. Accessed 20 June 2024.

2. Steward, Melissa M., et al. “Neural regeneration.” Current
Topics in Microbiology and Immunology, vol. 367, Janu-
ary 2013, https://doi.org/10.1007/82_2012_302.

3. Perl, D P et al. “Alzheimer’s disease and Parkinson’s dis-
ease: distinct entities or extremes of a spectrum of neuro-
degeneration?.” Annals of neurology vol. 44, September
1998, https://doi.org/10.1002/ana.410440705

4. Kapfhammer, Josef P., and Etsuko Shimobayashi. “View-
point: spinocerebellar ataxias as diseases of Purkinje cell
dysfunction rather than Purkinje cell loss.” Frontiers in
Molecular Neuroscience, vol. 16, no. 1182431, 22 June
2023, https://doi.org/10.3389/fnmol.2023.1182431.

5. Jopling, Chris, et al. “Dedifferentiation, transdifferentiation
and reprogramming: three routes to regeneration.” Nature
Reviews Molecular Cell Biology, vol. 12, no. 2, 21 Janu-
ary 2011, https://doi.org/10.1038/nrm3043.

6. O’Brien, Jacob, et al. “Overview of MicroRNA Biogenesis,
Mechanisms of Actions, and Circulation.” Frontiers in En-
docrinology, vol. 9, no. 402, 3 August 2018, https://doi.
org/10.3389/fendo.2018.00402.

7. Cannell, lan G, et al. “How do microRNAs regulate gene
expression?” Biochemical Society Transactions, vol. 36,
November 2008, https://doi.org/10.1042/BST0361224.

8. Han, Dong, et al. “Mir-124 and the Underlying Therapeu-
tic Promise of Neurodegenerative Disorders.” Frontiers
in Pharmacology, vol. 10, 2 December 2019, https://doi.
org/10.3389/fphar.2019.01555.

9. Xu, Jun, et al. “Direct Lineage Reprogramming: Strate-
gies, Mechanisms, and Applications.” Cell Stem Cell,
vol. 16, no. 2, 5 February 2015, https://doi.org/10.1016/j.
stem.2015.01.013.

10. Xue, Yuanchao, et al. “Direct conversion of fibroblasts to
neurons by reprogramming PTB-regulated microRNA cir-
cuits.” Cell, vol. 152, no. 1-2, January 2013, https:/doi.
0rg/10.1016/j.cell.2012.11.045.

11. Neo, Wen Hao, et al. “MicroRNA miR-124 controls the
choice between neuronal and astrocyte differentiation
by fine-tuning Ezh2 expression.” The Journal of Biologi-
cal Chemistry, vol. 289, no. 30, July 2014, https:/doi.
org/10.1074/jbc.M113.525493.

12. Hickmott, Jack W., and Cindi M. Morshead. “Glia-to-
neuron reprogramming to the rescue?” Neural Regen-
eration Research, vol. 20, no. 5, May 2024, https://doi.

Journal of Emerging Investigators « www.emerginginvestigators.org

30JULY 2025 | VOL8 | 6


https://my.clevelandclinic.org/health/diseases/24976-neurodegenerative-diseases
https://my.clevelandclinic.org/health/diseases/24976-neurodegenerative-diseases
https://doi.org/10.1007/82_2012_302
https://doi.org/10.1002/ana.410440705
https://doi.org/10.3389/fnmol.2023.1182431
https://doi.org/10.1038/nrm3043
https://doi.org/10.3389/fendo.2018.00402
https://doi.org/10.3389/fendo.2018.00402
https://doi.org/10.1042/BST0361224
https://doi.org/10.3389/fphar.2019.01555
https://doi.org/10.3389/fphar.2019.01555
https://doi.org/10.1016/j.stem.2015.01.013
https://doi.org/10.1016/j.stem.2015.01.013
https://doi.org/10.1016/j.cell.2012.11.045
https://doi.org/10.1016/j.cell.2012.11.045
https://doi.org/10.1074/jbc.M113.525493
https://doi.org/10.1074/jbc.M113.525493
https://doi.org/10.4103/nrr.nrr-d-24-00281

EMERGING INVESTIGATORS

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

org/10.4103/nrr.nrr-d-24-00281.

Batiuk, Mykhailo Y., et al. “Identification of region-specific
astrocyte subtypes at single cell resolution.” Nature Com-
munications, vol. 11, no. 1, 5 March 2020, https://doi.
0rg/10.1038/s41467-019-14198-8.

Chen, Yuhao, and Xiaowei Wang. “miRDB: an online
database for prediction of functional microRNA targets.”
Nucleic Acids Research, vol. 48, 8 Jan 2020, https./doi.
org/10.1093/nar/gkz757

Chen, Edward Y., et al. “Enrichr: interactive and col-
laborative HTMLS gene list enrichment analysis tool.”
BMC Bioinformatics, vol. 14, 15 April 2013, https://doi.
org/10.1186/1471-2105-14-128.

Makeyev, Eugene V., et al. “The MicroRNA miR-124
promotes neuronal differentiation by triggering brain-
specific alternative pre-mRNA splicing.” Molecular Cell,
vol. 27, no. 3, July 2007, https://doi.org/10.1016/j.mol-
cel.2007.07.015.

“About geo2r - GEO - NCBI.” (n.d.). https://www.ncbi.nim.
nih.gov/geo/info/geo2r.html.

Wareham, Lauren K., et al. “Interleukin-6 promotes mi-
crotubule stability in axons via Stat3 protein-protein inter-
actions.” iScience, vol. 24, no. 10, 16 September 2021,
https://doi.org/10.1016/j.isci.2021.103141.

Ayeni, Emmanuel A., et al. “Neurodegenerative Diseases:
Implications of Environmental and Climatic Influences on
Neurotransmitters and Neuronal Hormones Activities.” In-
ternational Journal of Environmental Research and Public
Health, vol. 19, no. 19, 30 September 2022, https://doi.
0rg/10.3390/ijerph191912495.

Qian, Hao, et al. “Reversing a model of Parkinson’s dis-
ease with in situ converted nigral neurons.” Nature, vol.
582, no. 7813, 24 June 2020, https://doi.org/10.1038/
s41586-020-2388-4.

Ghafouri-Fard, Soudeh, et al. “An update on the role of
miR-124 in the pathogenesis of human disorders.” Bio-
medicine & Pharmacotherapy, vol. 135, 4 January 2021,
https://doi.org/10.1016/j.biopha.2020.111198.

Conaco, Cecilia, et al. “Reciprocal actions of REST
and a microRNA promote neuronal identity.” PNAS, vol.
103, no. 7, 6 February 2006, https://doi.org/10.1073/
pnas.0511041103.

Contardo, Matilde, et al. “Targeting PTB for Glia-to-Neu-
ron Reprogramming In Vitro and In Vivo for Therapeutic
Development in Neurological Diseases.” Biomedicines,
vol. 10, no. 2, 7 February 2022, https://doi.org/10.3390/
biomedicines10020399.

Volknandt, W. “The synaptic vesicle and its targets.”
Neuroscience, vol. 64, no. 2, January 1995, https:/doi.
org/10.1016/0306-4522(94)00408-W.

Copyright: © 2025 Gupta, Sabio, and Leonardi. All JEI
articles are distributed under the attribution non-commercial,
no derivative license (http:/creativecommons.org/licenses/
by-nc-nd/4.0/). This means that anyone is free to share,
copy and distribute an unaltered article for non-commercial
purposes provided the original author and source is credited.

https://doi.org/10.59720/24-266

Journal of Emerging Investigators « www.emerginginvestigators.org

30JULY 2025 | VOL 8 | 7


https://doi.org/10.4103/nrr.nrr-d-24-00281
https://doi.org/10.1038/s41467-019-14198-8
https://doi.org/10.1038/s41467-019-14198-8
https://doi.org/10.1093/nar/gkz757
https://doi.org/10.1093/nar/gkz757
https://doi.org/10.1186/1471-2105-14-128
https://doi.org/10.1186/1471-2105-14-128
https://doi.org/10.1016/j.molcel.2007.07.015
https://doi.org/10.1016/j.molcel.2007.07.015
https://www.ncbi.nlm.nih.gov/geo/info/geo2r.html
https://www.ncbi.nlm.nih.gov/geo/info/geo2r.html
https://doi.org/10.1016/j.isci.2021.103141
https://doi.org/10.3390/ijerph191912495
https://doi.org/10.3390/ijerph191912495
https://doi.org/10.1038/s41586-020-2388-4
https://doi.org/10.1038/s41586-020-2388-4
https://doi.org/10.1016/j.biopha.2020.111198
https://doi.org/10.1073/pnas.0511041103
https://doi.org/10.1073/pnas.0511041103
https://doi.org/10.3390/biomedicines10020399
https://doi.org/10.3390/biomedicines10020399
https://doi.org/10.1016/0306-4522(94)00408-W
https://doi.org/10.1016/0306-4522(94)00408-W

