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MiR-128-3p – a gray eminence
of the human central nervous system
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MicroRNA-128-3p (miR-128-3p) is a versatile molecule with
multiple functions in the physiopathology of the human central
nervous system. Perturbations of miR-128-3p, which is en-
riched in the brain, contribute to a plethora of neurodegenera-
tive disorders, brain injuries, and malignancies, as this miRNA
is a crucial regulator of gene expression in the brain, playing an
essential role in the maintenance and function of cells stem-
ming from neuronal lineage. However, the differential expres-
sion of miR-128-3p in pathologies underscores the importance
of the balance between its high and low levels. Significantly,
numerous reports pointed to miR-128-3p as one of the most
depleted in glioblastoma, implying it is a critical player in the
disease’s pathogenesis and thus may serve as a therapeutic
agent for this most aggressive form of brain tumor. In this re-
view, we summarize the current knowledge of the diverse roles
of miR-128-3p. We focus on its involvement in the neurogene-
sis and pathophysiology of malignant and neurodegenerative
diseases. We also highlight the promising potential of miR-
128-3p as an antitumor agent for the future therapy of human
cancers, including glioblastoma, and as the linchpin of brain
development and function, potentially leading to the develop-
ment of new therapies for neurological conditions.
INTRODUCTION
MicroRNAs are small (20–23 nucleotides), frequently highly
conserved regulatory non-coding RNAs (ncRNA) that control post-
transcriptional regulation of the expression of protein-coding genes.1

MicroRNAs prevent protein production by interacting with the com-
plementary sequence within the 30UTR region of target mRNA, desta-
bilizing the transcript or blocking protein synthesis at ribosomes.
MicroRNAs can also interact with the 50UTR region of mRNA or
coding sequences, serve as a ligand (e.g., Toll-like receptors), or
interact with other ncRNA.2,3 They are found in body fluids, extracel-
lular vesicles (EV), and high-density lipoproteins, making them a
good source of biomarkers for detecting, diagnosing, and prognosis
of various cancers.4–7 In Figure 1 we present the timeline of the
most crucial events in the discovery of microRNAs.8–20
https://doi.org/10.1016/j.omtn.2024.102141.
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Overview of miR-128-3p

The development and physiological functionality of a neuronal
component of the central nervous system (CNS) requires the coordi-
nation of various regulatory systems that implement appropriate
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timing, networking, and microenvironmental organization toward
terminal differentiation. A large volume of evidence implicates micro-
RNAs playing crucial roles in multiple biological functions such as
proliferation, differentiation, or apoptosis.3,21 MiR-128-3p, encoded
by two separate genes, hsa-MIR128-1 and hsa-MIR128-2 (www.
ensembl.org), is one of the most highly expressed microRNAs across
the CNS and surroundings tissues (Figure 2).22

MiR-128-3P BIOGENESIS
Current classification distinguishes three major microRNA biogen-
esis pathways: canonical microRNA, canonical intronic microRNA,
and non-canonical intronic small RNA (mirtron).23 The biogenesis
of the hsa-MIR128-1 pathway is the canonical one and is regulated
by polymerase II (Pol II), yet both can modulate the hsa-MIR128-2
pathway: Pol II host gene promotors and Pol III intronic promo-
tors.24,25 Hsa-MIR128-1 is embedded within the intron of protein-
coding gene R3HDM1 on chromosome 2 (q21.3), while hsa-
MIR128-2 is located in chromosome 3 (p22.3) within the intron of
the protein-coding ARPP-21 gene26 (Figure 3). The microRNA
gene R3HDM1/ARPP-21 is transcribed by RNA Pol II/III, resulting
in the long primary transcript (pri-microRNA). The typical pri-mi-
croRNA has several thousand base pairs and contains a cap structure
(7-methyl-guanosine) at the 50 end, a poly-A tail at the 30 one, and
multiple local hairpin loops.24 Such pri-microRNA is further cleaved
by a microprocessor complex (consisting of endoribonuclease
DROSHA and RNA-binding protein DGCR8) in the nucleus, gener-
ating precursor microRNA (pre-microRNA), a 60–100-nucleotide
stem-loop structure with �2-nucleotide 30 overhang. This motif of
pre-microRNA is then recognized by Exportin-5 (XPO5)/Ran-gua-
nosine triphosphate (Ran-GTP) and translocated from the nucleus
to the cytoplasm, where it is further processed by the DICER complex
to generate a short microRNA duplex. Finally, such a duplex is un-
wound, and strands are separated. One serves as the mature micro-
RNA, while another is degraded. Crucially, although both�80-nucle-
otide-long pre-miR-128 form different stem-loop structures, they
yield identical mature miR-128-3p after processing by DICER.1,23,26
herapy: Nucleic Acids Vol. 35 March 2024 ª 2024 The Author(s). 1
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Figure 1. The milestones of microRNA discovery, including miR-128-3p
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Both protein-coding host genes are highly and predominantly ex-
pressed in the brain, suggesting the mechanism for organ specificity
of miR-128’s expression. However, while the expression of
R3HDM1 is particularly high in the cerebral cortex, where it overlaps
with high levels of miR-128-3p (Figures S1B and S1C), ARPP21 is
strongly expressed in basal ganglia.27 Notably, both host genes are
lowly expressed in glioblastoma, suggesting a common regulatory
pathway for the host gene and its embedded microRNA.28 Few re-
ports so far have focused on distinguishing MIR128-1 and
MIR128-2 loci. Interestingly, Tan et al. demonstrated that the
mmu-MIR128-2 locus is responsible for generating a majority of
mature mmu-miR-128-3p in mice29; however, it remains to be inves-
tigated whether this finding applies to humans as well, as mechanisms
responsible for the expression of non-coding RNAs are generally not
well-conserved between species.

As to the mature transcripts, the main detected in the brain tissue in
humans and mice is miR-128-3p (target sequence CACUGUGA30),
whose expression is somewhat associated with miR-128-1-5p
(CGGCCCCA). Nevertheless, the expression of miR-128-5p (regard-
less of locus of origin) is barely detectable, while miR-128-3p is one of
the most enriched in the brain; therefore, the networking/targeting
analysis presented in this report focuses on miR-128-3p.

FUNCTIONS OF miR-128-3P IN THE
PHYSIOPATHOLOGY OF THE HUMAN CNS
MiR-128-3p exhibits strict tissue-specific expression patterns (as de-
picted in Figures 2 and 4), being prominently observed in differenti-
ating neuronal cells29,31 and favoring the neocortex over the cere-
bellum. A report by He et al., which contrasts miR-128-3p
2 Molecular Therapy: Nucleic Acids Vol. 35 March 2024
expression in specific brain regions, supports this tissue-centric
perspective.32

MiR-128-3p regulates the expression of many genes, including those
encoding for ion channels and transporters, which are critical for
maintaining the electrical activity of neurons that contribute to
neuronal excitability and neurotransmitter-driven motor activity.29

Predominantly high expression of miR-128-3p was found in neurons
and synapses,21,22 while its significantly lower level was shown in as-
trocytes and oligodendrocytes.29

On a different note, miR-128-3p actively participates in embryonic
brain development by regulating key genes, including PCM-1 (Peri-
centriolar material 1) and PHF6 (PHD finger protein 6) in
neuronal progenitor cells. This regulation promoted neurogenesis
while inhibiting proliferation in the developing neocortex, while
removal of miR-128-3p enhanced cell division, reducing neuron
formation.33

The intricacies of miR-128’s role extend beyond broadly categorized
developmental stages. In the mammalian neocortex, where the gener-
ation of different neuronal types is precisely timed, miR-128’s expres-
sion dynamically changes during neurogenesis, when it influences
stem cell competence, timing neocortical layer formation, and speci-
fying laminar fates. As neurogenesis progresses, miR-128-3p expres-
sion decreases in stem cells while maintaining specific differences in
microRNA expression in neurons. MiR-128-3p, along with other mi-
croRNAs such as miR-9 and let-7, collectively modulate stem cell
competence in a neurogenic-stage-specific manner, influencing the
timing and fate of neuron production.34
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Figure 2. The expression of mature miR-128-3p, miR-

128-1-5p, and miR-128-2-5p across normal human

tissues and organs

Scatter plots of miR-128-3p (A), miR-128-1-5p (B), and

miR-128-2-5p (C) expression (shown as log2 RPMM; reads

per million mapped reads) in human tissues and organs. The

scatterplots generated by GraphPad Prism (ver. 10.0) using

the datasets obtained from Human microRNA Tissue

Atlas (https://ccb-web.cs.uni-saarland.de/tissueatlas2),

accessed on December 2023). The number of specimens:

adipocyte n = 5, adrenal gland n = 2, artery n = 6, bladder

n = 4, bone n = 5, bowel n = 16, brain n = 39, diaphragm

n = 1, esophagus n = 5, gallbladder n = 2, glandular

breast tissue n = 1, heart n = 14, kidney n = 7, liver n = 7,

lung n = 9, lymph node n = 3, muscle n = 4, nerve n = 7,

pancreas n = 6, pleurae n = 4, prostate n = 1, salivary

gland n = 1, sclera n = 1, skin n = 6, spinal cord n = 2,

spleen n = 4, stomach n = 6, submandibular gland n =

2, testis n = 4, thyroid n = 4, tongue n = 2, trachea n = 2,

urethra n = 1, uterus n = 1, vein n = 4.
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In summary, miR-128-3p plays a crucial role in mammalian brain
development, both exhibiting strict tissue-specific expression patterns
and overseeing developmental stage trajectory. Its involvement spans
neural progenitor cell regulation to orchestrating the formation of
complex neuronal networks during brain circuit development. To
the point, disruptions in miR-128-3p homeostasis are associated
with neurodevelopmental disorders, emphasizing its potential as a
therapeutic target for conditions like autism spectrum disorder,
schizophrenia, and epilepsy.35–39

MiR-128-3p exhibits cell-type-specific expression in brain tissue. It is
strongly expressed in neurons and neural progenitors34 but weakly
expressed in mature astrocytes, and its levels are even lower in glio-
blastoma cells,40 suggesting an active suppression mechanism.
Molecul
Although glioblastoma belongs to astrocytomas,
and therefore, the prevailing agreement is that as-
trocytes are cells-of-origin, there are multiple
lines of evidence that it originates from neural
stem cells (NSCs), NSC-derived glial progenitors,
and oligodendrocyte precursor cells.41–44 The
miR-128-3p depletion in glioblastoma tissue and
cells is most likely caused by the disrupted activity
of microRNA processing machinery45 but likely
involves a combination of many other factors
like additional mutations or epigenetic changes
in genes involved in microRNA processing or
aberrant transcriptional regulation. Other RNA
molecules (e.g., circular RNAs46) might also
compete with miR-128-3p for binding to com-
mon mRNA targets or "sponge" it out from the
cells, effectively neutralizing its effect., and further
research is needed to elucidate the intricate regu-
latory networks involved. The deregulation of
miR-128-3p expression in a cell-specific manner is associated with
neurological disorders due to its function in different cell types.47–50

MiR-128-3P IN NEURODEGENERATIVE DISEASES,
BRAIN DAMAGE, AND INJURIES
Epilepsy

Animal model studies showed that miR-128-3p regulates motor
behavior by modulating neuronal signaling networks and excit-
ability. Conditional deletion of both miR-128-3p forms in postnatal
neurons in mice resulted in fatal epilepsy. Reintroducing miR-128-
3p could thus potentially be an experimental treatment for epilepsy
and movement disorders.29,51 Notably, low levels of miR-128-3p in
low-grade gliomas have also been implicated in glioma-associated
seizures.52
ar Therapy: Nucleic Acids Vol. 35 March 2024 3
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Figure 3. The canonical pathway of miR-128

biogenesis

The hsa-MIR128-1 gene resides within an intron of the

R3HDM1 protein-coding gene on chromosome 2 (q21.3),

whereas the hsa-MIR128-2 gene is located on chromosome

3 (p22.3) within an intron of the ARPP-21 protein-coding

gene. These genomic loci undergo RNAPol II/III transcription,

yielding an extended primary transcript (pri-microRNA).

Subsequently, the microRNA complex, composed of the

endoribonuclease DROSHA and the RNA-binding protein

DGCR8, cleaves these pri-microRNAs in the nucleus,

generating precursor microRNAs (pre-microRNAs). The

exportin-5 (XPO5)/Ran-guanosine triphosphate (Ran-GTP)

complex recognizes the pre-microRNA, facilitating its

translocation from the nucleus to the cytoplasm. Once in the

cytoplasm, the DICER complex further processes the pre-

microRNA, producing a short microRNA duplex. The duplex

undergoes unwinding, with one strand becoming the

mature microRNA and the other being degraded. It is

important to note that the hsa-MIR128 gene produces two

mature microRNA variants, miR-128-3p, and miR-128-5p,

resulting from this processing pathway. Notably, both loci

ultimately yield an identical mature miR-128-3p upon DICER

processing.
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Alzheimer’s disease

MiR-128-3p is abnormally enriched in the hippocampal region of
both fetal brain and adult patients with Alzheimer’s disease
(AD),12,53 while the expression of its direct target peroxisome prolif-
erator activated receptor gamma (PPARG), which reduces amyloid
beta protein levels, is down-regulated. Knockout of miR-128-3p un-
blocks the expression of PPARG and consequently reduces amyloid
beta-mediated cytotoxicity and inflammatory response through the
inactivation of NF-kB in vitro.54

Spinal cord injury and neuropathic pain

Spinal cord injury (SCI) leads to permanent motor deficits accompa-
nied by inflammation and oxidative stress, thus resulting in neuronal
cell death.55,56 Overexpression of miR-128-3p has inhibited apoptosis
of neurons, inflammation, and improved motor function following
SCI via down-regulation of serine/threonine-protein kinase ULK1
and elevation of Fas ligand (FasL).57 The level of miR-128-3p was
significantly decreased in murine microglial cells upon experimen-
tally induced neuropathic pain (NPP) following SCI. The studies
showed that overexpression of miR-128-3p improved viability and
activation of anti-inflammatory microglial M2 phenotype via
down-regulation of the microglial M1 markers (CD86 and CD32)
and up-regulation of the M2 phenotypic markers (arginase 1 and
CD206).58 MiR-128-3p also diminished the level/activity of such fac-
tors as tumor necrosis factor (TNF-a), interleukin-1b, interleukin-6,
p38 mitogen-activated protein kinase (MAPK), or zinc finger E-box
binding homeobox 1 (ZEB1) (in microglia) that would potentially
constitute novel therapeutic avenues to restrain NPP.59

Parkinson’s disease

Parkinson’s disease (PD) is a neurodegenerative disorder resulting
in severe disability due to progressive degeneration of the nigrostria-
4 Molecular Therapy: Nucleic Acids Vol. 35 March 2024
tal dopaminergic pathway.60,61 The overexpression of miR-128-3p
resulted in prominently reduced apoptosis of dopaminergic neu-
rons, contributing to the de-repression of the Wnt/beta catenin
signaling pathway protecting neurons against misfolded protein-
mediated disorders, such as PD. Consequently, overexpressed
miR-128-3p may present a new, potential target for treatment in
PD patients.62,63

Acute ischemic stroke

Acute ischemic stroke (AIS) occurs when a blockade of blood
flow through a brain artery results in a corresponding loss of
neurological function.64,65 Interestingly, the elevated level of
miR-128-3p was detected in circulating lymphocytes, neutrophils,
and plasma of patients with AIS compared with healthy individ-
uals. It suggests the involvement of miR-128-3p in the process,
as it positively correlates with stroke severity. Moreover, the anta-
gomir-mediated depletion of miR-128-2 promoted neuronal cell
cycle re-entry and exacerbated ischemia reperfusion-induced
neuronal injury.66

Multiple sclerosis

Multiple sclerosis (MS) is the most common non-traumatic,
autoimmune neurological disorder that disproportionately
affects young adults.67,68 MiR-128-3p is among the most signifi-
cantly up-regulated microRNA in MS patients when compared
with healthy individuals. Its expression was elevated in
immune cells, especially naive CD4+ T lymphocytes (T cells).
MiR-128-3p was also involved in inhibiting Th2 development
and promoting the differentiation of pro-inflammatory Th1 re-
sponses in patients with MS, demonstrating a novel function of
miR-128-3p in regulating immune cell function, particularly
T cells.69,70

http://www.moleculartherapy.org
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Figure 4. The expression of mature miR-128-3p, miR-

128-1-5p, and miR-128-2-5p in brain structures from

healthy donors

Scatter plots of miR-128-3p (A), miR-128-1-5p (B), and miR-

128-2-5p (C) expression (shown as log2 RPMM; reads per

million mapped reads) in human brain structures generated

by GraphPad Prism (ver. 10.0) using the datasets obtained

from Human microRNA Tissue Atlas (https://ccb-web.cs.

uni-saarland.de/tissueatlas2, accessed on December 2023).

The number of specimens: arachnoid mater n = 2,

cerebellum n = 2, dura mater n = 3, frontal lobe n = 3, gray

matter n = 3, hippocampus n = 1, hypothalamus n = 1,

medulla oblongata n = 1, nucleus caudatus n = 3, occipital

lobe n = 3, parietal lobe n = 1, pituitary gland n = 3,

substantia nigra n = 2, temporal lobe n = 3, thalamus n = 3,

white matter n = 4.
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Table 1. Summary of miR-128-3p deregulations and their effects on

neurodegeneration, stroke, and injury of the human CNS

Disease
miR-128-3p
deregulation Effects of deregulation

Alzheimer’s disease Up-regulated
Indirect effect in amyloid-b
protein generation

Multiple sclerosis Up-regulated
Regulation of immune cell
functions, particularly T cells

Parkinson’s disease Up-regulated
Protects DA neurons
from apoptosis

Acute ischemic stroke Up-regulated
Regulation of immune
cell functions

Epilepsy Down-regulated
Regulation of motor
behavior

Spinal cord injury
and neuropathic pain

Down-regulated
Involved in neuronal
programmed cell death

www.moleculartherapy.org
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Summary of miR-128-3p in neurodegenerative diseases and

brain damage

Abundantly expressed in the human brain (primarily in neurons),
miR-128-3p plays a crucial role in developing CNS and maintaining
its physiological functions. MiR-128-3p controls critical steps in
committing toward neuronal lineage and maturing into terminally
differentiated neurons, inhibiting cell migration or proliferation.
The inverse correlation of miR-128-3p expression levels in non-ma-
lignant CNS diseases emphasizes the importance of its balanced
expression, suggesting the potential of opposite therapeutic applica-
tions (summarized in Table 1).
MiR-128-3P IN MALIGNANCIES OF THE CNS
The expression of miR-128-3p in brain tumors is strongly inversely
correlated to the grade of malignancy. The lowest expression of
miR-128-3p was found in glioblastomas (grade 4).71,72 In contrast,
relatively high levels of miR-128-3p were apparent in oligodendro-
gliomas (grade 2 or 3).71,73 No significant differences were detected
in the expression of miR-128-3p between the healthy cohorts and
the patients with meningiomas (grade 1–3) or pituitary tumors,71,72,74

while it was significantly suppressed in more aggressive pituitary ad-
enomas.74 Thus, as the miR-128-3p expression in benign and low-
grade brain malignancies is not much different from expression in
non-malignant cells, miR-128-3p was not scrutinized in these pathol-
ogies. Instead, a broader spectrum of miR-128-3p deregulations was
carefully investigated in astrocytomas (grades 2–4),75,76 and glioblas-
toma, where a reduced level of miR-128-3p was correlated with worse
patient outcomes.77–79
Medulloblastoma

Medulloblastoma grade 3 or 480 is the most commonmalignant brain
tumor in children, accounting for nearly 10% of all pediatric brain tu-
mors.81 In this tumor type, miR-128-3p is severely suppressed
compared with the normal cerebellum. Reintroducing miR-128-3p
into medulloblastoma cells inhibited their growth in vitro by
increasing the level of reactive oxygen species (ROS) and promoting
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cellular senescence through targeting a proto-oncogene BMI1 (B cell-
specific Moloney murine leukemia virus integration site 1).82

Pituitary adenoma

Most pituitary tumors are benign, but more aggressive cases also exist.
The mechanisms responsible for their genesis and progression into
more aggressive forms remain unknown.83–85 In the aggressive pitu-
itary adenoma type, miR-128-3p is one of the few microRNAs
suppressed compared with control tissues. Its reintroduction into pi-
tuitary cancer cells inhibits their colony-forming ability and invasive-
ness in vitro. Furthermore, as in medulloblastoma, it interacts with its
target BMI1. BMI1 affected PTEN (phosphatase and tensin homolog)
expression levels and AKT1 (AKT serine/threonine kinase 1) activity
by binding the PTEN promoter in pituitary tumor cells.74

Glioblastoma

Glioblastoma, a grade 4 malignancy,80 is the most frequent and
aggressive brain tumor in adults, accounting for more than 80% of
primary (non-metastatic) brain tumors.81 It is characterized by rapid
cell proliferation and infiltrative growth, thus spreading robustly into
surrounding healthy brain tissue. Glioblastoma’s high intratumoral
genetic and molecular heterogeneity also makes it one of the most
difficult human malignancies to combat. The co-existence of several
cell sub-populations enhances the heterogeneity with diverse genetic,
transcriptional, and functional backgrounds within the bulk tu-
mor.86–89 Prominent among these sub-populations are glioblastoma
stem-like cells (GSCs), a subset of undifferentiated cells capable of
self-renewal and multi-lineage differentiation. They are considered
tumor-initiating cells that render cancer resistant to conventional
anti-glioblastoma therapies,90–93 leading to inevitable recurrence
and fatal outcomes.94,95 High-throughput genomic, epigenomic,
and transcriptomic profiling of glioblastoma cells revealed three
main subtypes harboring distinct molecular and phenotypic land-
scapes that affect response to the therapy and clinical outcome:
mesenchymal, proneural, and classical subtypes.96–100 Currently,
available treatment options for glioblastoma, including maximally
safe surgical resection, radiation, and adjuvant chemotherapy, are
ineffective, leading to only incrementally improved survival of the pa-
tients. Despite the significant recent advances in diagnostics and
development of therapeutic modalities, coupled with growing knowl-
edge of this malignant brain tumor’s genetic and molecular aspects,
the median survival is only 14–16 months.101,102 Some recent reports
from high-throughput sequencing strategies showed a response to
treatment-driven clonal evolution of glioblastoma cells manifested
in different transcriptional signatures at primary diagnosis and
relapse. These genetic and molecular shifts are associated with the in-
ter-subclass transition upon therapy with temozolomide103,104 and
radiation.104 Evidence suggests some novel genetic, epigenetic, and
molecular targets for potentially treating malignant brain tumors,
including glioblastoma.93,105–107 Among them, ncRNAs (e.g., micro-
RNA) seem the most emerging due to their widespread occurrence in
the human genome (only about 1.5% of total RNA is translated into
proteins) and crucial roles in regulating gene expression.108 There-
fore, ncRNAs, including miR-128-3p, and their dysregulations are
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Table 2. Summary of miR-128-3p deregulations and their effects on the

malignancies of the human CNS

Disease
miR-128-3p
deregulation Effects of deregulation

Medulloblastoma Down-regulated Cancer cells growth

Pituitary adenoma Down-regulated
Colony-forming ability
and invasiveness

Glioblastoma Down-regulated
GSC viability and proliferation,
GSC self-renewal and
radio-resistance
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considered promising targets for novel epigenetic-based therapies for
glioblastoma.109–111 Several findings from a large-scale screening of
non-coding transcriptome of glioblastoma cells revealed miR-128-
3p as one of the most prominently suppressed microRNAs compared
with healthy brain tissue.22,32,71,73,112

Therefore, miR-128-3p gained remarkable interest, and its functions
have been thoroughly studied in brain tumors in recent years.
Notably, the level of miR-128-3p was significantly reduced in the
brain tissue of young, pre-symptomatic mice genetically modified
to develop glioblastomas but not in the brain of wild-type mice,
demonstrating that the miR-128-3p suppression is an early event dur-
ing gliomagenesis.77 Crucially, the levels of miR-128-3p forms can
also differ depending on the genetic and molecular background, as
they correlated with the glioblastoma subtypes, with themost reduced
expression in the most aggressive mesenchymal one.96,113

MiR-128-3p and the regulation of polycomb repressive

complexes in glioblastoma

The large-scale profiling of human glioblastoma cells, including
whole genome analysis, provided a deep insight into epigenetic mech-
anisms involved in maintaining and modifying chromatin struc-
ture.114 Epigenetic modifications regulate the state of chromatin
and, consequently, control gene expression in normal and tumor cells
via suppression or activation of transcription.115,116 The deregulation
of the epigenetic landscape due to dysfunctions in the expression and/
or activity of several epigenetic pathways is prominent and well-estab-
lished in glioblastoma.117–119 MiR-128-3p was found to be a potent
regulator of the expression and activity of proteins forming polycomb
repressive complexes (PRCs). PRCs (comprising PRC1 and 2) are re-
modeling complexes involved in the epigenetic suppression of target
genes through chromatin ubiquitination and methylation. PRCs are
crucial in maintaining embryonic stem cells, differentiation, and
development. Aberrations in PRCs’ functionality were linked to
several human cancers,120,121 significantly contributing to the self-
renewal/differentiation balance of cancer stem cells,122–124 including
GSCs.125 Several studies showed that up-regulation of miR-128-3p
profoundly reduced the expression of core protein components
of PRC1 and PRC2: BMI-1 (Polycomb complex protein
BMI-1)77,126,127 and SUZ12 (Polycomb protein SUZ12),77,128,129

respectively. The direct targeting of both PRCs by miR-128-3p leads
to chromatin re-arrangements, followed by the reprogramming of
PRC-dependent genes involved in the enforcement of the stemness
program and inter-subclasses transition of brain tumor cells. Func-
tional studies demonstrated a shift of GSCs from the most aggressive
mesenchymal subclass toward the proneural one upon miR-128-3p
replacement.130 Reduced viability and neurosphere formation
in vitro, decreased tumor burden and improved survival in the mouse
intracranial xenograft model were observed due to this inter-subtype
transition.130 At the molecular level, the reintroduction of miR-128-
3p into GSCs inhibited the activity of both PRC complexes, thus
preventing their partial redundancy.131–133 As the functional conse-
quences of miR-128-3p,77,126 re-establishment and repression of
PRCs subunits, pronounced alterations in histone modifications,77

as well as loss of stem-like features by GSCs, were observed in vitro
and in vivo, as clearly shown by down-regulation of CD133
(Prominin-1) expression.77,126 What is more, PRCs are essential
players in DNA damage repair via the activation of damage response
machinery proteins.134–136 Thus, the activation of PRCs, evident from
increased expression of BMI1 and SUZ12,77 contributed to the radio-
resistance of tumor cells,137,138 including glioblastoma.139,140 The
reintroduction of miR-128-3p77,126 significantly inhibited the radia-
tion-induced expression of PRC subunits and consequently enhanced
the radiosensitivity of GSCs accompanied by substantial DNA
damage.77,126 Conversely, up-regulation of PRC components and
PRC-dependent chromatin modifications that increased clonogenic
potential were observed in both mouse and human non-malignant
NSCs upon miR-128-3p knockdown.77
Summary of miR-128-3p in malignancies of the CNS

In contrast to the neurodegeneration processes we described above,
miR-128-3p was significantly down-regulated, and its overexpression
was not observed in human malignant tumors of the CNS (summa-
rized in Table 2), possibly due to different targeted genes, depending
on the context of disorders and cell/tissue types. Such a low level of
miR-128-3p and a significant correlation of its expression with the tu-
mor grade (the lower the expression of miR-128, the more aggressive
the tumor) prove the importance of its loss in the pathogenesis of
CNS malignancies, specifically glioblastoma.
THE NETWORKING OF miR-128-3P
mRNA targets

The role of miR-128-3p is multifaceted, influencing both physiolog-
ical and pathological aspects of CNS biology. Its target genes encom-
pass a spectrum of functions, contributing to the complexity of its
therapeutic application. Regarding proliferation and differentiation,
miR-128-3p targets genes like RELN (Reelin)141 and PHF6,37 impact-
ing neuronal migration, layer formation, and neurite outgrowth.
Additionally, miR-128-3p targets synaptic plasticity and memory-
related genes, such as CREB1 (CAMP Responsive element binding
protein 1) or NRXN1 (Neurexin 1),142 and genes encoding subunits
of ion channels and transporters like the Big Potassium (BK) chan-
nel.29 It also regulates neuroinflammatory genes like HMGB1
(High-mobility group box-1),143 potentially offering anti-inflamma-
tory and neuroprotective effects.
Molecular Therapy: Nucleic Acids Vol. 35 March 2024 7
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Similarly, the multitude of putative and experimentally confirmed
target mRNAs include both tumor-suppressive and pro-oncogenic
genes, rendering the ultimate effect uncertain. For example, miR-
128-3p was shown to downregulate tumor suppressor PTEN,74 which
can promote cell survival, thus resulting in uncontrolled cell growth.
Conversely, miR-128-3p targets numerous factors that maintain the
"stemness" of cancer cells, including epigenetic regulators and master
kinases that can act genome-wide and transcriptome-wide, thus
curbing their tumorigenicity.144 Thus, the therapeutic usage of
miR-128-3p is not without controversy, as it exhibits divergent effects
depending on specific contexts and target co-expression genes and
thus can be regarded as a "double-edged sword" in CNS disease
therapy.

To grasp the complexity of miR-128-3p0s role in CNS disease therapy,
we provided a detailed analysis of its target genes and their interac-
tions, which include a comprehensive list of identified target genes
and network analysis of these targets in the brain, showing unequiv-
ocal engagement of miR-128-3p in the neuronal tissue-specific gene
expression, thus underscoring its crucial role in regulating neuronal
development, maintenance, and function (Table S1). Significantly, a
large proportion of microRNAs’ target genes are transcriptional reg-
ulators binding to DNA in a sequence-specific manner, thus enforc-
ing the neuronal tissue-specific ripple effect. The involvement of miR-
128-3p in molecular pathways regulating stem cell pluripotency that
relies on precise regulatory mechanisms adds another layer of
complexity. miR-128-3p participates in these mechanisms by influ-
encing the expression of genes involved in a delicate balance between
self-renewal and differentiation. The deregulation of the micro-
RNAome is a common theme in cancer initiation and progression.
Interestingly, among targets of the same miR-128-3p that play a
role in maintaining neuronal tissue-specific gene expression are also
those that drive cancer-specific microRNAome signature in brain tu-
mors45 (Figure S2A).

MicroRNA-dependent regulation requires their spatiotemporal co-
occurrence with target mRNAs. Accordingly, in the healthy brain,
miR-128-3p target genes are particularly abundant in various parts
of the cortex, where they overlap with high levels of the microRNA;
conversely, miR-128-3p target genes are lowly expressed in the brain
stem, coinciding with a lower presence of the microRNA
(Figures S1B, S1C, and S2B). These correlations suggest tight micro-
RNA surveillance of the transition of target mRNA into a protein
product.

MicroRNAs form networks not only with their direct mRNA targets
but also with other microRNAs and transcription regulators. For
instance, due to the same seed sequence, miR-128-3p and miR-27-
3p target almost identical sets of genes (Figure S2C), but both micro-
RNAs’ expression in the brain are inversely correlated (Figures S1A
and S1B; Table S1), suggesting a coordinated compensatory co-target-
ing strategy. Such a strategy relies on the target gene’s transcription in
the brain’s anatomic niche-specific manner. In contrast, miR-128-3p
and miR-124-3p, whose expression is highly correlated in the brain,
8 Molecular Therapy: Nucleic Acids Vol. 35 March 2024
do not overlap in terms of their target genes (Figure S2C), so already
perceived regulation of neuronal tissue physiology and pathology by
these two microRNAs145 seems more like a site cooperation strategy.

It is also noteworthy that microRNAs can interact with other classes
of non-coding RNAs as competing endogenous molecules.146,147 De-
coding miR-128-3p interaction networks with these molecules from
large-scale CLIP-Seq data148 revealed 11 interacting small RNAs, 33
long non-coding RNAs, and 1,035 circular RNAs; however, most of
these interactions have no known functional consequences. Among
experimentally validated relations, several long-non-coding RNAs
were shown to act as either action-enhancing co-partners or inhibi-
tory "sponges," affecting miR-128-3p activity in the pathophysiology
of the CNS.149–151 Similarly, several circular RNAs have been
confirmed to enclosemiR-128-3p binding elements, which have func-
tional consequences on neuronal tissue homeostasis.152,153

Transcription regulators that govern miR-128-3p target genes regu-
late cell stemness/differentiation status, e.g.,NANOG (Nanog homeo-
box), SOX2 (SRY-box transcription factor 2), SUZ12, and neuronal
identity, e.g., REST (RE1 silencing transcription factor), RCOR1
(REST corepressor 1). On the other hand, transcription factors that
are targets of miR-128-3p are often de-regulated in various malig-
nancies (Figure S2D). These data indicate that miR-128-3p acts
hand-in-hand with some transcriptional regulators while controlling
some of them directly, suggesting a multilayered network of co-de-
pendencies, most often in the context of neuronal tissues.

The potential for off-target effects adds complexity to miR-128-3p
therapeutic use (as is the case for any other microRNA), as micro-
RNA-mediated targeting of a specific gene may unintentionally affect
other players with adverse, unintended consequences. Thus,
combining miR-128-based therapies with other treatments becomes
crucial to mitigate potentially detrimental effects in cell-specific con-
texts, as we demonstrated previously.145 Understanding the intricate
and context-dependent nature of miR-128-3p’s effects on the CNS is
paramount for its therapeutic application, requiring careful consider-
ation of particular diseases and target genes. Further research is
imperative to unravel the precise mechanisms and consequences of
miR-128-3p regulation in different CNS pathologies.

MicroRNAs

MicroRNAs often work cooperatively to regulate overlapping path-
ways and processes in the brain. While some information is available,
it is important to note that microRNA-microRNA interactions are
complex, poorly comprehended, and context-dependent; thus, spe-
cific mechanisms may vary in different physiological and pathological
contexts. However, some potential mechanisms have been proposed.
These include competitive binding (microRNAs compete for binding
to the same mRNA targets, leading to differential regulation of gene
expression154), cooperative binding (microRNAs form complexes
and jointly bind to mRNA targets, leading to enhanced or synergistic
regulatory effects155), and indirect interactions (microRNAs indi-
rectly influence each other’s expression through affecting signaling
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pathways and other regulatory molecules156). Understanding these
intricate microRNA interactions is crucial for deciphering the com-
plex regulatory mechanisms underlying brain development and
disease.

The cooperative strategies of miR-128-3p, with two other micro-
RNAs, miR-124-3p and miR-137, unfold during neurogenesis,
where the orchestration of gene expression is paramount.6,157

Comprehensive genomic analyses revealed that these microRNAs’
target gene sets significantly overlap.158 This synergy is particularly
evident in regulating the SP1 (Transcription factor Sp1), forming a
highly interconnected network crucial for neural differentiation
and thus revealing the molecular interplay during neurogenesis. In
gliomagenesis, the loss of miR-124-3p, miR-128-3p, and miR-
137159 creates an environment conducive to aberrant transcriptional
regulation. Targeting oncogenic chromatin repressors such as EZH2
(Enhancer of zeste 2 polycomb repressive complex 2 subunit),
BMI-1, and SUZ12, the cooperative strategy of these microRNAs
disrupts critical survival mechanisms in glioblastoma cells and un-
veils promising therapeutic avenues. Synchronizing the expression
of these microRNAs, as demonstrated in our recent gene therapy ap-
proaches, results in significant anticancer synergism in glioblastoma
models.145 What is more, a correlation of expression between genes
and microRNAs (according to The Cancer Genome Atlas glioblas-
toma dataset) revealed a correlation signature of �1700 genes that
were either positively or negatively associated with microRNAs
and stratified the samples into two clusters with the power of
outcome prediction (better outcomes: miR-128-3p, miR-124-3p,
and miR-1; worse outcomes miR-10b-5p, miR-31-5p, and miR-
21-5p).45

The therapeutic potential leveraging the cooperative actions of mi-
croRNAs to intervene in neuropathological conditions often acts
via the PRC2 that drives neuronal differentiation. In this network,
besides miR-128-3p, miR-9 and miR-124-3p target and repress the
expression of USP14 (Ubiquitin specific peptidase 14) whose prod-
uct interacts with and stabilizes EZH2, thereby allowing the repres-
sion of EZH2 and the consequent destabilization of REST.160

Polycomb-like(PCL) proteins and SUZ12, crucial components of
PRC2, are targets of miR-34a,161 a brain tumor suppressor162

that promotes healthy brain aging, a pathway whose malfunction
is a prominent risk factor for neurodegenerative disease.161 Such
regulatory partnership between miR-34a and miR-128-3p163 sug-
gests a coordinated epigenetic regulatory mechanism that holds
sway over the brain microRNAome. Similarly, miR-9, involved in
neural stem cell maintenance and differentiation, is capable of
interplay with miR-128-3p in regulating the activity of the PRC1
by targeting its component CBX7 (Chromobox protein homolog
7).164 Simultaneous down-regulation of miR-9 and miR-128-3p
leads to the activation of cell cycle regulators Cyclin E and
CDK2 by inhibiting their target genes CDKN2A (Cyclin-dependent
kinase inhibitor 2A) and CDKN1B (Cyclin-dependent kinase in-
hibitor 1B) via the miR-9/CBX7 and miR-128-3p/SUZ12 feedback
loop respectively.165
Long non-coding RNAs

Increasingly, new evidence shows the direct interplay between long
non-coding RNAs (lncRNAs) and microRNAs. LncRNAs function
as competing endogenous RNA (ceRNA) of specific microRNAs
and, therefore, modulate the expression of downstream target
mRNAs.166 Such “sponging” of microRNAs by lncRNAs suppresses
their activity and, therefore, retains the expression of genes targeted
by these microRNAs.167 MiR-128-3p was identified as a target of
several lncRNAs, and their direct interactions regulated neurogenesis
and affected both CNS and tumor cells. Recent reports demonstrated
the vital function of lncRNA PVT1 (Plasmacytoma variant transloca-
tion 1)168 and its regulatory network with miR-128-3p in the patho-
genesis of human gliomas. This lncRNA acts as a molecular sponge of
miR-128, including miR-128-3p169 and miR-128-1-5p170 via specific
competitive binding. Therefore, its down-regulation correlated with
an increased level of miR-128. Consequently, the burden of glioma
was lessened through suppression of growth, proliferation, and
migratory/invasive potential.169,170 Similarly, the binding sites for
lncRNA LINC00346 within miR-128-3p have also been identified
in glioma cells, and this regulatory network has enhanced tumor pro-
gression.166 More recent findings demonstrated a decreased level of
miR-128-3p through a sponge mechanism by lncRNA HCP5 (Histo-
compatibility leukocyte antigen complex P5). This direct interaction
between microRNA and lncRNA regulated the response of glioma
cells to ionizing radiation by interfering with cellular senescence as
the knockdown of lncRNA HCP5 inhibited cell proliferation and
enhanced radiosensitivity in gliomas.171 The interaction between
lncRNA NEAT1 (Nuclear paraspeckle assembly transcript 1) and
miR-128-3p that resulted in the sponging of this microRNA contrib-
uted not only to glioma pathogenesis,172 but also to the progression of
spinal cord injury-mediated NPP.173 The sponging of miR-128-3p by
lncRNA Peg13 (Paternally expressed 13) resulted in a maintained
expression of SOX13 (SRY-box transcription factor 13) and signifi-
cantly reduced anesthetic-related neurotoxicity for NSCs in mice.174

Moreover, competitive interactions between miR-128-3p and
lncRNA GAS5 (Growth arrest-specific 5) were involved in hypoxic-
ischemic brain damage, as shown in the neonatal rat model.175

It thus becomes part of the consensus in the field that lncRNAs regu-
late the activity of many microRNAs, and the interplay between these
types of ncRNAs is considered an emerging regulatory network essen-
tial for transcriptome regulation in physiological and pathological
conditions. As miR-128-3p seems to be one of the key players among
numerous ncRNAs in human glioblastoma, we may expect further
increasing interest in the research on its direct interactions with other
ncRNAs regarding brain tumor pathology.

MiR-128-3P AS A POTENT MODULATOR OF THE
IMMUNE MICROENVIRONMENT
In recent years, considerable efforts have been undertaken to deter-
mine and understand the role of microRNAs in regulating the im-
mune response and microenvironment. Among other microRNAs,
miR-128-3p was shown to be involved in immune and autoimmune
processes pertaining to the brain.
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Table 3. Summary of miR-128-3p deregulations and their effects on the modulation of the immune microenvironment in neurodegenerative diseases and

malignancies of the human CNS

Disease miR-128-3p deregulation Function of miR-128

Neurodegenerative disorders Alzheimer’s disease Up-regulated Enhancement of amyloid beta degradation by monocytes

Parkinson’s disease Up-regulated Diminish in expression and secretion of IL-6 and IL-10, an increase of IL-12

Multiple sclerosis Up-regulated
Mediation of the Th2 into Th1 cytokine shift; inhibition of differentiation
of Th2 and promotion of Th1 activity

Cancers Melanoma Up-regulated Enhancement of DCs-mediated antitumor immunity

Pancreatic adenocarcinoma Up-regulated Increase in the percentages of DCs, CD8+ T cells, and NKT

Lymphoid malignancies Up-regulated
A marker of lymphoid lineage differentiation; regulation of the survival
and proliferation of thymocytes
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Neurodegenerative diseases

A significantly increased level of miR-128-3p was found in naive
CD4+ T cells of patients with MS compared with healthy donors,
demonstrating its previously unexplored roles in regulating the func-
tion of immune cells.69,70 Overexpression of miR-128-3p in T cells
reduced expression of IL-4, an effector cytokine of T helper cell
type 2 (Th2). Consequently, the differentiation of Th2 cells was in-
hibited, while the pro-inflammatory activity of T helper type 1
(Th1) cells was promoted, resulting in an induced autoimmune
response. Therefore, up-regulated miR-128-3p mediated the Th2
into Th1 cytokine shift by suppressing the development and activa-
tion of Th2 cells in patients with MS.69,70 Overexpression of miR-
128-3p diminished expression and secretion of IL-6 and IL-10 and
increased IL-12, modifying the immune response in PD individuals.62

Also, in AD patients, the expression of miR-128-3p was increased in
lymphocytes and monocytes compared with healthy individuals. As a
result, monocyte amyloid beta degradation was enhanced in vitro,54

showing up-regulated miR-128-3p as a new potential target in AD.

Cancers

Several reports demonstrated the high level of miR-128-3p as a pro-
inflammatory and anti-immunosuppressive factor in immune cells,
potentially significantly enhancing antitumor immunity. MiR-128-
3p was involved in the antitumor activity of dendritic cells (DCs)
through inhibition of p38 expression and decrease in downstream
levels of cytokines secreted by DCs in a melanoma mouse model.176

Overexpression miR-128-3p in pancreatic adenocarcinoma was
inversely correlated with CD47 (cluster of differentiation 47),177 a
cancer-associated antigen involved in the immune evasion of tu-
mors.178 Overexpression of miR-128-3p considerably increased the
percentages of DCs, CD8+ T cells, and natural killer T cells (NKT)
within the tumor and spleen. Therefore, a significantly enhanced anti-
tumor response was observed.177 The high levels of miR-128-3p were
also observed in thymocytes and distinguished the cells of lymphoid
lineages from the myeloid lineages precursor cells in a mouse model
of normal hematopoiesis and human lymphoid malignancies.179

Particular attention should also be paid to the potential role of miR-
128-3p in regulating the immune microenvironment of brain tumors,
especially glioblastoma. Several novel therapeutic strategies that aim
10 Molecular Therapy: Nucleic Acids Vol. 35 March 2024
to engage and activate patients’ immune system against brain tumor
cells were anticipated as promising, potentially game-changing strate-
gies in the field of neuro-oncology. However, the immunosuppressive
character of glioblastoma manifested by a “cold” microenvironment
that results in poor immune cell infiltration,180,181 concurrent with
the fast progression of the disease, contributes to a short window
for treatment opportunities. Therefore, the efficacy of immunothera-
peutic approaches, including immune checkpoint blockade, effective
in other solid tumors, such as lung cancer,182,183 is considerably
limited.

Summary of miR-128-3p as a potent modulator of the immune

microenvironment

The studies on the role of miR-128-3p in neuropathologies clearly evi-
denced its potential utility in developing and enhancing immune-
related therapies. High levels of miR-28 in some neurodegenerative
disorders open avenues for genetic or pharmacologic targeting to
induce immunosuppression. Conversely, replacing miR-128-3p
would be effective for immune-boosting strategies in glioblastoma
and, therefore, beneficial for patients. We summarized the role of
miR-128-3p deregulations in modulating immune response and im-
mune microenvironment in Table 3.

MiR-128-3P IN THE TREATMENT OF CNS
PATHOLOGIES
MiR-128-3p as a therapeutic agent

The therapeutic use of oligonucleotides (microRNA inhibitors,
mimics, siRNAs, and antisense oligonucleotides [ASOs]) is becoming
increasingly widespread in treating CNS diseases. MicroRNA mimics
refer to artificially created short double-stranded oligonucleotides
that replicate microRNA precursors, which, upon their introduction
into cells, are identified by the microRNA biogenesis machinery and
undergo subsequent processing. MicroRNA inhibitors prevent the
interaction betweenmicroRNA and the microRNA-induced silencing
complex (miRISC) proteins and between the miRISC and its target
mRNAs, thus preventing microRNA-mediated silencing of mRNA.
Single-stranded ASOs target a specific RNA to block its translation
into protein and/or trigger its degradation. Some ASOs were clinically
approved for certain neuromuscular diseases and are currently in
trials for other conditions.184,185 The U.S. Food and Drug
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Administration approved the first CNS-related oligonucleotide-based
drug, Nusinersen, for treating spinal muscular atrophy caused by a
survival motor neuron (SMN) protein deficiency. Nusinersen is de-
signed to modify the splicing of the SMN2 (Survival of motor neuron
2, centromeric) gene, increasing the production of functional SMN
protein.184,186,187 Diverse strategies in other CNS disease therapies
utilize microRNA inhibitors,188 mimics,189 siRNAs,190 and ASOs191

to modulate treatment efficacy. For therapy to be effective, modifica-
tions of these molecules are often necessary to tailor them to the spe-
cific microenvironment in which they are intended to act. These novel
nucleic acid modifications play a crucial role in enhancing the efficacy
of microRNAs in molecular therapy strategies for CNS diseases.

In the case of miR-128-3p, given its involvement in neurodevelop-
ment and gene expression regulation, these molecules hold promise
for therapeutic strategies for CNS diseases. Dysregulated miR-128-
3p in gliomas has led to investigations for potential therapeutic stra-
tegies. Preclinical studies using miR-128-3p mimics show promise in
inhibiting GSC growth.79 In CNS disorders like AD, miR-128-3p in-
hibitors may be versatile, targeting PPARG and potentially reducing
amyloid beta levels.53 Additionally, siRNA against miR-128-3p could
be applied in neurodegenerative disorders like PD, offering a targeted
approach to modulate disease-related pathways.192,193

Many modifications can be applied to microRNA inhibitors and
mimics, improving their stability, permeability, and specificity. These
include phosphorothioate,194 20-O-methoxyethyl group,195 locked
nucleic acid,17 fluorine derivatives, peptide nucleic acids,196 and
mixed modifications oligonucleotides. In the CNS, where enzymatic
degradation is a concern, stabilizing modifications help prolong the
half-life of therapeutic microRNAs.197–199 Chemical modifications,
such as 20-sugar modifications like 20-O-methyl and 20-fluoro substi-
tutions, enhance the stability200,201 of microRNAs, making it more
resistant to degradation by nucleases and increasing stability without
impeding RISC recognition. Overall, these modifications contribute
to prolonged circulation in the bloodstream and improved delivery
to the CNS.190

Moreover, site-specific modifications within the microRNA sequence
can enhance its binding affinity and specificity to target mRNAs
implicated in CNS diseases, thus enforcing more precise and effective
modulation of gene expression and reducing off-target effects.202

Importantly, chemical modifications (e.g., 20-O-methyl) can help
mitigate the immunogenic response to synthetic microRNAs,
ensuring that therapeutic molecules are well-tolerated and do not
elicit adverse immune reactions in the CNS.190 Finally, using conju-
gates, such as lipid nanoparticles or other delivery vehicles, facilitates
the transport of modified microRNAs across the blood-brain barrier,
a critical step in reaching the target cells within the CNS, thus pro-
moting the efficient uptake and sustained therapeutic effects.203,204

Thus, through the deliberate use of chemical modifications, re-
searchers aim to overcome challenges related to the delivery and func-
tionality of microRNA therapeutics in the complex CNS environ-
ment. These modifications contribute to developing safer, more
stable, and precise microRNA-based therapies for various CNS
disorders.

While research showed that microRNA replacement or inhibition is,
in fact, a promising therapeutic option, the current methods for mi-
croRNA modulation using oligonucleotides and gene therapies are
challenging, particularly for neurological conditions, and none have
yet been approved for clinical use. Recently, a new approach has
been developed, which involves screening a biodiverse library of small
molecule compounds to determine their ability to modulate hundreds
of microRNAs. This method has shown promising results, with a da-
taset of 1,370 effective drug-like compounds providing a valuable
resource for further microRNA-based drug discovery.205

Drug resistance is one of the major causes of failures of currently
available cancer treatment strategies. MicroRNA-based strategies
have gained attention as effective methods for sensitizing cancer cells
because many microRNAs contribute to the increased resistance of
cancer cells to standard treatments.206,207 MicroRNAs possess several
unique characteristics that make them desirable candidates for the
potential development of pro-sensitization approaches and therapeu-
tic agents. They are small molecules frequently conserved among spe-
cies208 that are remarkably stable in plasma and serum due to high
resistance to RNase activity and degradation.209 Moreover, micro-
RNAs can re-arrange a genetic and molecular landscape in a cell-
type-specific manner130 due to the strict tissue and cell-type-specific
distribution and functions of microRNAs,210 meaning their targets
in cancer and normal cells are different. We hypothesize that micro-
RNAs that exert harmful effects on cancer cells may have, in fact,
beneficial roles in non-malignant cells, including immune cells. The
hypothesis is based on the observation that microRNAs often exhibit
cell-type-specific functions and thus can regulate diverse biological
processes in healthy and pathological tissue. Further research is
thus warranted to prove this hypothesis and elucidate the mecha-
nisms by which microRNAs differentially impact cancer and non-
malignant cells.

MicroRNAs particularly enriched in the normal brain, such as miR-
128-3p, are almost universally suppressed in glioblastoma cells,
regardless of their cellular subtype.45,126,130,211 This observation led
to the development of the following strategy: microRNAs lost in tu-
mor cells, once reintroduced, are detrimental to themwhile not harm-
ing normal, healthy cells. Crucially, many microRNAs coordinately
target numerous factors from the same pathway, thus circumventing
their physiological redundancy, e.g., miR-128-3p targeting several vi-
tal players of the PRC pathway.77,130 Some functional studies pro-
vided several targets of miR-128-3p in cancer and immune cells,126,130

thus supporting the rationale for its application to enhance antitumor
and pro-immune activity.

The varying expression patterns of miR-128-3p in different neurolog-
ical disorders suggest that its function is context-dependent and influ-
enced by various cellular and environmental factors. Understanding
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these context-specific roles is crucial for developing targeted thera-
pies. Thus, reversing altered miR-128-3p expression, either up- or
down-regulating it, can lead to unintended off-target effects due to
its involvement in multiple cellular processes and interactions with
various genes. Cell-type-specific delivery systems, such as nanopar-
ticle encapsulation of microRNA mimics or inhibitors, would mini-
mize off-target effects and improve therapeutic efficacy. Enforcing
such cell-type selectivity would be critical when altering miR-128-
3p expression. For instance, targeting dopamine neurons in PD dis-
ease without affecting other neuronal populations or immune
cells in MS patients requires precise targeting strategies. Moreover,
determining the optimal levels of miR-128-3p for therapeutic
benefit is challenging due to the complex interplay with other micro-
RNAs and the context-dependent nature of its function. Titration
and dose optimization studies would be essential to identify the
range required for therapeutic efficacy in different neurological
disorders.

In conclusion, developing miR-128-based therapies requires a
comprehensive understanding of its molecular mechanisms, regu-
latory networks, and context-specific functions in various neuro-
logical pathologies. While miR-128-3p holds promise as a thera-
peutic target, the complexity of its role in neurological disorders
and the potential for off-target effects necessitate careful consider-
ation, and further research is needed to elucidate these intricate re-
lationships and guide the development of safe and effective
therapies.

EV-mediated delivery of miR-128-3p

One of the most critical challenges for cancer molecular targeted ther-
apy is the specific delivery of the therapeutic agent while avoiding its
untimely degradation in the bloodstream or excretion. EVs, as the
naturally secreted carriers of functional biomolecules (nucleic acids:
genomic DNA, cDNA; RNAs: mRNA, microRNA, lncRNA; proteins
and lipids)212 have recently attracted much attention as potentially
useful nano-tools for transferring therapeutic agents, including mi-
croRNAs. This is due to their advantageous features, such as small
size, the ability to enclose numerous molecules and particles, and
the scaled-up production of specific engineered RNA-based agents.
Over recent decades, EVs have been identified as vehicles of therapeu-
tic agents with clinical relevance owing to their ability to transport
numerous biomolecules between cells and tissues. While EVs exhibit
some tissue or cell tropism,213,214 their targeting specificity can be less
precise than synthetic delivery vehicles. Moreover, the specific target-
ing properties of EVs are influenced by various factors, including the
cell of origin, the presence of surface molecules, and the cargo they
carry.

Incorporating targeting ligands, peptides, or aptamers is a promising
strategy to improve EVs’ targeting efficacy for therapeutic applica-
tions. These modifications can enhance the ability of EVs to selec-
tively bind to specific cell types or tissues, thereby reducing off-target
delivery and increasing the therapeutic potential of the encapsulated
cargo,215,216 including in cancer217,218 and CNS pathologies.219,220
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More importantly, EVs originating from non-malignant cells do not
propagate pro-tumorigenic signals to cancer cells and are not toxic to
normal cells and tissues.69,77,126,130,221 The ability to prepare a large
number of EVs carrying therapeutic microRNAs for cancer patients
within a short time after surgery is also crucial, as the fast progression
of the disease contributes to very limited opportunities for effective
therapy. Furthermore, molecules encapsulated within blood-circu-
lating EVs may also serve as diagnostic, prognostic, and predictive
biomarkers.222,223 Several studies demonstrated the feasibility of
EV-mediated transfer of specific microRNAs in the modulation of
the tumor microenvironment and, consequently, its effect on the tu-
mor growth, progression, and response to standard treatment modal-
ities in breast cancer,224,225 hepatocellular carcinomas,226,227 and lung
cancer cells in vitro.228–230

The delivery of therapeutic RNA molecules (siRNA or microRNA)
encapsulated within the lipid or lipid-like carrier231,232 into the cells
or tissues was proven to be effective in infectious diseases and tumors,
as shown in many preclinical studies233–235 and clinical trials (re-
viewed by Kaczmarek et al.236). We have recently witnessed the devel-
opment and successful implementation of anti-COVID-19 vaccines
based on mRNA into the global pharmaceutical market. These vac-
cines are based on synthetic lipid nanoparticles designed to encapsu-
late and protect mRNA molecules and facilitate their cell entry, and
their approval for clinical usage has been instrumental in developing
successful COVID-19 vaccines effectively. Although not based on
EVs, they nevertheless highlight the ability of lipid vesicles to main-
tain the functionality of enclosed RNAs and effectively boost immune
response in vivo.

Over recent decades, EVs have been identified as vehicles of therapeu-
tic agents with clinical relevance owing to their ability to transport
numerous biomolecules between cells and tissues and, therefore, as
nano-carriers for targeted delivery. Moreover, EV-based delivery of
microRNAs with proven anti-oncogenic and immune-enhancing
properties, such as miR-128-3p, represents a potential experimental
strategy for developing the therapy against glioblastoma and human
cancer in general. However, significant efforts are still needed to
broaden our knowledge on the heterogeneity of EVs and EV-enclosed
microRNAs as therapeutic agents to translate this approach into clin-
ical practice. Optimization and standardization of the protocols for
the isolation and characterization of EVs, including the acquirement
of large-scale yield and high purity of EVs, are necessary to guide
future research and establish the standards for medical applications.
Also, several other aspects should be prioritized, such as bio-
distribution, pharmacodynamics, and pharmacokinetics of the
administered EV-microRNA complexes in vivo.

SUMMARY
This review discusses the importance of miR-128-3p in healthy hu-
man CNS and its pathologies (Figure 5). Up-regulated expression
of miR-128-3p within the CNS implicates its critical role in devel-
oping and maintaining the brain’s biological and physiological func-
tions. Consequently, the deregulations of miR-128-3p are strongly
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Figure 5. The implications of miR-128-3p for the brain function

The boxes summarize the crucial roles of miR-128-3p in several aspects of CNS function, such as differentiation andmaintenance of neurons, pathogenesis of brain tumors,

and neurological diseases.
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related to numerous brain and spinal cord pathologies, including
neurodegenerative disorders, neurological damage, injuries, and ma-
lignant tumors. The increasing interest in miR-128-3p and its inter-
ference with other ncRNAs and several signaling pathways suggests
the high clinical relevance of miR-128-3p and makes it a good candi-
date for therapeutic intervention. Due to its high expression in neuro-
degenerative scenarios, miR-128-3p may be genetically or pharmaco-
logically targeted to induce immunosuppression, as opposed to
immune-boosting strategies, due to its dramatically reduced level in
malignant brain tumors compared with normal brain tissue. The
opposite correlation of miR-128-3p expression—loss in malignant
brain tumors and prominent up-regulation in neurodegeneration—
clearly emphasizes the importance of its balanced expression, suggest-
ing potential reverse therapeutic opportunities in both pathological
states. The accumulating evidence from preclinical and clinical
studies also suggests that delivering microRNAs via EVs is a feasible
and promising novel approach for increasing the sensitivity of cancer
cells to cytotoxic agents while enhancing their immunogenicity.
Therefore, we expect further growing interest in the potential applica-
tion of EV-based transfer of specific therapeutic RNAs, e.g., miR-128-
3p, in treating human cancers, including brain tumors.
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