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Editorial on the Research Topic

RNA at a breaking point? Cytoplasmic cleavage and other

post-transcriptional RNA processing in neurodevelopment and disease

The nervous system is a complex web of thousands of cell types that require appropriate

integration of developmental and mature functions to harmonically respond to both

internal and external stimuli. Achieving this feat requires precise coordination of gene

expression programs, with alterations in mRNA levels traditionally garnering the most

attention. However, recent research has shown that non-coding RNAs, which regulate

cellular functions, also play a critical role in the nervous system’s function and development.

Regulatory RNAs, that include but are not limited to, long non-coding RNAs (lncRNA),

microRNAs (miRNA) and circular RNAs (circRNAs), play crucial roles in various biological

processes ranging from cell survival to specialized functions like target innervation. Such

RNA species are often subjected to modifications, post-transcriptional processing, and are

localized to different subcellular compartments, all of which contribute to their biological

activity and specificity (Sambandan, 2017; Rajgor, 2020; Keihani et al., 2021; Samaddar and

Banerjee, 2021; Zajaczkowski and Bredy, 2021). Lastly, mRNAs or their non-coding portions

such as untranslated regions (UTRs) and introns can be bestowed with alternative functions

independent of their coding potential and have been shown to modulate protein-protein

interactions, intracellular signaling, subcellular localization and time-dependent expression

(Nam et al., 2016; Andreassi et al., 2018; Huang, 2021).

The main aim of this Research Topic is to exemplify and review novel and non-canonical

functions of coding and non-coding RNAs that may contribute to brain development and

functioning of neural cells in homeostasis and disease. Additionally, the Research Topic

covers a few distinct aspects of RNA-mediated processes that diversify gene regulatory

pathways in neural cells.
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This Research Topic includes two research articles and

two reviews on miRNA-mediated regulatory pathways. Han

et al. investigates the alteration in the expression pattern of

exosome-contained miRNAs (exo-miRNAs) isolated from serum

of patients suffering from vascular dementia (VaD). The level

of miR-154-5p is significantly increased in the serum exosomes

of VaD patients compared to healthy individuals. Using a

rat model of VaD, the authors also show that the levels of

oxidative stress and inflammation are significantly elevated in

VaD and that in these animals miR-154-5p is upregulated in the

hippocampus, cortex, and bone marrow-endothelial progenitor

cells. A study by Griffiths et al. focuses on miR-200c and its

known target Sirt1 mRNA. SIRT1 protein plays a central role in

maintaining mitochondrial bioenergetics through the regulation

of the mitochondrial fission/fusion balance, and ROS production.

The authors aim to disentangle miR-200c-Sirt1 contribution to

mitochondria imbalance in astrocytes and neurons during ischemic

brain injury. NF-kB complex is a known driver and regulator

of miRNAs, and both excessive NF-kB and upregulated miRNAs

orchestrate a pathogenic gene expression program underlying

Alzheimer’s disease (AD) onset, and propagation and severity of

the disease. The opinion article by Lukiw comprehensively reviews

current insights into the pro-inflammatory effects of miRNAs

and further explores the potential mechanisms by which NF-kB-

regulatedmiRNA-mediated signaling could be leveraged to develop

novel therapeutic interventions for the more effective management

of AD and other age-related neurodegenerative disorders. Finally,

a mini-review by Wang and Liang summarizes state-of-the-art

knowledge on miRNAs involved in T lymphocyte differentiation,

activation, and functioning in the context of Multiple Sclerosis

(MS). The paper evaluates differentially expressed miRNA as

putative diagnostic biomarkers and includes considerations about

T lymphocyte-specific miRNAs as therapeutic targets for MS

treatment. Two other mini-reviews within our Research Topic

provide a summary of the current literature in regard to the

role played by lncRNAs in the control of oxidative stress in CNS

disorders. Xu and Zhang summarize observations on lncRNAs

and the mechanisms they use to regulate oxidative stress, for

example by interacting with miRNAs, and the implications of

these interactions for CNS disorders, such as AD, Parkinson’s

disease, spinal cord injury and acute ischemic stroke. Wang J.

et al. instead focus on one particular lncRNA called HOTAIR. This

comprehensive overview of the regulatory functions of HOTAIR

highlights its contribution to the pathogenesis of ischemic stroke,

neurodegenerative disorders, and traumatic brain injury. The

authors conclude that HOTAIR holds promise to be applied as a

diagnostic biomarker of CNS disorders.

Another salient theme explored in this Research Topic is

the interrelation between RNA biology and nerve injury and

regeneration. Cao et al. report on differentially expressed circRNAs

in dorsal root ganglion neurons upon central and peripheral

axon injuries in rats. Tian et al. review existing studies showing

evidence for altered expression of N6-methyladenosine (m6A)

RNA modifiers, and functions of related modified RNAs in

CNS injuries, eventually proposing potential directions in m6A

research in the context of brain injuries. Another review authored

by Zhang et al. delves into the epigenetic mechanisms by

which non-coding RNAs and m6A methylation modulate nerve

injury-induced neuropathic pain, offering valuable insights into

the potential functions and recent advances in this field. The

research article by Chernov and Shubayev reveals sex-specific and

sexually dimorphic regulation of neurotrophic and immune genes

and mRNA axonal transport, as well as differential patterns of

CNS-specific microRNA precursors and specific small nucleolar

RNAs in response to sciatic nerve axotomy. Regulated neuronal

mRNA transport and related local translation are comprehensively

reviewed by Triantopoulou and Vidaki. This extensive article

elaborates on local mRNA translation in axon outgrowth and

guidance, in synapse formation and plasticity, in axon regeneration,

and links mRNA transport and local RNA translation to the

cytoskeleton (Triantopoulou and Vidaki). Cytoskeletal dynamics

and cytoskeleton defects have been also associated and described

in the context of the pathogenesis of neurodevelopmental

and neurodegenerative diseases. Coordination between local

translation and cytoskeletal remodeling is illustrated with multiple

examples. Overall, this review article is not only broad but also

brings into focus fascinating biology at the interface between

the cytoskeleton, RNA-binding proteins (RBPs) and RNA in

neuronal cells. More about the fascinating world of RBPs and

how their localization can be altered by intrinsic and extrinsic

stimuli can be found in this Research Topic. In particular,

Nogami et al. describe how FUS mislocalization to cytoplasmic

stress granules might result from DNA damage induction,

while Wang Y. et al. investigate the alteration in intercellular

communications at single-cell level during the early stages of

diabetic retinopathy, identifying a new subgroup of Mueller

cells and pointing to their potential role in the pathogenesis of

this disease.

Our Research Topic also delves into the intricacies of

transcription-associated processes that diversify gene regulatory

pathways in neural cells. Marshall et al. report on the role of

intron-related variable number tandem repeats in promoting

disease-related gene expression diversity. Sirp et al. investigate

the functional mRNA isoforms of the transcription factor 4-

encoding gene (TCF4), which has been associated with several

neurocognitive disorders, shedding light on the potential

implications of TCF4 in a number of neurocognitive disorders.

Wu et al. describe the establishment of a zebrafish model

of autism, where the integration of RNA-sequencing data

with Gene ontology (GO), Kyoto Encyclopedia of Genes

and Genomes (KEGG) and protein–protein interaction (PPI)

network analysis points them to the identification of genes

that can impact the social behavior deficits observed in the

affected zebrafish.

The field of RNA regulation in neurons and glial cells has

been flourishing in the past two decades with multiple new

discoveries and concepts. Last year (2022), the first edition of

NeuroRNA conference “RNA Regulation in Brain Function and

Disease” was organized to discuss state-of-the-art research at the

interface of RNA biology and neuroscience. A review article by

Piwecka et al. summarizes the research insights into the CNS

and its dysfunctions from the systems biology perspective to finer

molecular and cellular scales that were presented over three days of

the conference.
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We enjoyed the novel insights and summaries presented in

original and review articles within this Research Topic. We hope

that the content of this Research Topic will be valuable for the

community of researchers that are fascinated with RNA biology and

RNA-mediated gene expression regulation in the nervous system,

its development, health and disease.
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MicroRNA (miRNA) is a class of endogenous non-coding small RNA with regulatory
activities, which generally regulates the expression of target genes at the post-
transcriptional level. Multiple Sclerosis (MS) is thought to be an autoimmune-mediated
chronic inflammatory demyelinating disease of the central nervous system (CNS) that
typically affect young adults. T lymphocytes play an important role in the pathogenesis of
MS, and studies have suggested that miRNAs are involved in regulating the proliferation,
differentiation, and functional maintenance of T lymphocytes in MS. Dysregulated
expression of miRNAs may lead to the differentiation balance and dysfunction of T
lymphocytes, and they are thus involved in the occurrence and development of MS. In
addition, some specific miRNAs, such as miR-155 and miR-326, may have potential
diagnostic values for MS or be useful for discriminating subtypes of MS. Moreover,
miRNAs may be a promising therapeutic strategy for MS by regulating T lymphocyte
function. By summarizing the recent literature, we reviewed the involvement of T
lymphocytes in the pathogenesis of MS, the role of miRNAs in the pathogenesis and
disease progression of MS by regulating T lymphocytes, the possibility of differentially
expressed miRNAs to function as biomarkers for MS diagnosis, and the therapeutic
potential of miRNAs in MS by regulating T lymphocytes.
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INTRODUCTION

Multiple sclerosis (MS), an autoimmune neurological disease of the central nervous system (CNS),
which is predominantly characterized by diffuse demyelinating lesions of the white matter (Yamout
and Alroughani, 2018), but can also affect the gray matter (Klaver et al., 2013). T lymphocytes
play a central role in cell-mediated immunity and can be divided into two main subgroups:
(1) CD4 + T helper lymphocytes that regulate the quality and degree of immune response by
releasing cytokines and that secrete proteins that can affect cellular functions related to antibacterial
responses. In contrast, (2) CD8 + T cytotoxic lymphocytes have the ability to directly recognize and
kill infected or transformed cells. The loss of balance between T cell subsets, resulting in attacks
on self-antigenic myelin basic protein (MBP), is the most direct known cause of MS, but more
details and mechanisms remain to be revealed (Deng et al., 2019; Lückel et al., 2019; Schorer et al.,
2019). A large number of studies have demonstrated that CD4 + T cells play an important role
in the pathogenesis of MS; helper T cell 1 (Th1) and Th17 cells are involved in the pathogenesis
of MS, and regulatory T cells (Tregs) are involved in the pathogenesis of MS in experimental
autoimmune encephalomyelitis (EAE) models (Chitnis, 2007; Basak and Majsterek, 2021). Tregs
and interleukin-10 (IL-10) are two important negative regulators of disease progression (Ma et al.,
2009). In addition, an increase in the number of Th2 cells or the inhibition of Th1/Th17 cells may
delay the progression of EAE (Haghmorad et al., 2021; Hou et al., 2021). Thus, at the molecular
level, T cell proliferation and function are regulated by a complex network of transcriptional and

Frontiers in Molecular Neuroscience | www.frontiersin.org 1 April 2022 | Volume 15 | Article 8655298

https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/journals/molecular-neuroscience#editorial-board
https://www.frontiersin.org/journals/molecular-neuroscience#editorial-board
https://doi.org/10.3389/fnmol.2022.865529
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fnmol.2022.865529
http://crossmark.crossref.org/dialog/?doi=10.3389/fnmol.2022.865529&domain=pdf&date_stamp=2022-04-25
https://www.frontiersin.org/articles/10.3389/fnmol.2022.865529/full
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles


fnmol-15-865529 April 21, 2022 Time: 11:33 # 2

Wang and Liang MicroRNAs in Multiple Sclerosis

post-transcriptional mechanisms, including transcription factors,
signaling molecules, epigenetic modifications, and microRNA
(miRNA) alterations (Okoye et al., 2014; Kroesen et al., 2015).

MicroRNAs are small non-coding RNAs with the capability
of regulating gene expression at the post-transcriptional level
either by inhibiting messenger RNA (mRNA) translation or
by promoting mRNA degradation (Correia De Sousa et al.,
2019). In general, a specific miRNA can regulate several mRNA
transcripts, and different transcripts can participate in different
cellular programs, while one mRNA transcript may be regulated
by multiple miRNAs (Matkovich et al., 2013). In the CNS,
miRNAs are abundant and can affect development, proliferation,
differentiation, plasticity, and other cellular processes (Iyengar
et al., 2014). MiRNAs are also highly expressed in immune cells
and are involved in both innate and adaptive immune responses
(Zhong et al., 2018). It has been reported that miRNA is a
key regulatory factor to maintain immune tolerance (Scalavino
et al., 2020). In the process of miRNA synthesis, the deletion
of Dicer and Drosha enzymes can lead to T cell dysfunction
and autoimmune diseases (Landskroner-Eiger et al., 2013).
In different immune cell subgroups, miRNA transcription is
different, indicating that the functions of naïve, effector, and
memory T cells and regulatory T cells depend on miRNA
regulation (Podshivalova and Salomon, 2013; Zhang et al., 2016).
Recent studies have found that there is a specific expression
pattern of miRNAs in the pathogenesis of MS, and the abnormal
expression of miRNAs may be the “priming factor” that leads
to the pathogenesis of MS; this pathogenic effect is likely to be
achieved by regulating the activation of T cells (De Santis et al.,
2010; Wei and Pei, 2010). In addition, miRNAs are histologically
specific, can be expressed in paracrine forms, and are detected
in many different biological fluids [cerebrospinal fluid (CSF),
serum, urine, and saliva] (Jin et al., 2013). Therefore, peripheral
circulating miRNAs may be used as biomarkers for the diagnosis
of MS, the discrimination of MS subtypes, and the prediction of
MS prognosis. Moreover, in-depth studies of miRNA regulation
of T lymphocytes involved in the pathogenesis of MS may
help to develop new strategies for the treatment of MS at the
transcriptional and post-transcriptional levels.

Here, by summarizing recent reports, we discuss the role
of T lymphocyte dysfunction in the pathogenesis of MS.
Dysregulated expression of miRNAs in T lymphocytes directly
or indirectly affects T lymphocyte function and, thus, is involved
in the pathogenesis of MS. These miRNAs may be differentially
expressed in peripheral circulation; in light of the current
data, we further explore the potential of these miRNAs in
MS diagnosis and distinguishing MS subtypes and targeting
differentially expressed miRNAs to provide novel therapeutic
strategies for MS patients.

T LYMPHOCYTE SUBSETS AND
PATHOGENESIS OF MULTIPLE
SCLEROSIS

T lymphocytes are derived from lymphoid stem cells from
the bone marrow. After differentiation and maturation in the

thymus, they are distributed to immune organs and tissues
of the whole body through lymph and blood circulation to
play an immune function (Themeli et al., 2013). Generally, T
lymphocytes can be divided into CD4+ and CD8+ subgroups
according to the differentiation of antigens on the cell surface.
CD4 + T lymphocytes recognize exogenous antigen peptides
presented by major histocompatibility complex (MHC)-II
molecules and differentiate into Th cells after activation. CD8 + T
lymphocytes recognize endogenous antigen peptides presented
by MHC-I molecules; after activation, they mainly differentiate
into cytotoxic T lymphocytes (Parkhurst et al., 2004; Afridi
et al., 2016). Primary CD4 + T lymphocytes have been induced
to differentiate into Th1 cells by interferon γ (IFN-γ), and
differentiate into Th17 cells by transforming growth factor-β
(TGF-β) and interleukin-6 (IL-6) (Van Hamburg et al., 2008).

CD4 + T lymphocytes play a key role in initiating the
autoimmune response in MS patients (Kaskow and Baecher-
Allan, 2018). It is generally believed that cytokines secreted
by Th1 cells, such as IFN-γ and tumor necrosis factor-β
(TNF-β), can activate macrophages to destroy oligodendrocytes,
resulting in pathological myelination; IFN-γ in turn induces the
production of Th1 cells (Merrill, 1992; Næss et al., 2001). TNF-α
and IL-12 have proinflammatory effects, and TNF-α can directly
produce cytotoxic effects on oligodendrocytes (Dopp et al., 1997).
IL-12 is involved in the regulation of T lymphocyte responses and
may be associated with the pathogenesis of MS (Gran et al., 2004).
In addition, some measures to delay the MS process by inhibiting
Th1 cells have also been shown to be effective (Xu et al., 2021).
CD4+ Th2 cells are lymphocytes of the anti-inflammatory family
and include major secretion immune adjustment factors such as
IL-4, IL-5, IL-6, and IL-10 (Bui et al., 2017).

CD8 + T lymphocytes were found to be present in MS
plaques, and these cells accumulated over time and were more
numerous than CD4 + T lymphocytes (Lassmann, 2018).
Human leukocyte antigen (HLA)-E-restricted CD8+ regulatory
T lymphocytes can be induced by IFN-γ, which can kill immune
cells such as CD4 + T lymphocytes and induce other cells to
secrete some inhibitory factors such as TGF-β; IL-10 suppresses
immune function and maintains disease stability in MS patients
in remission (Frisullo et al., 2010). CD8 + regulatory T cell
cloning in the blood and CSF of relapsing-remission MS (RRMS)
patients is significantly less than that of convalescent MS patients.
In addition, CD94/NKG2A killer suppressor receptors inhibit
CD8+ regulatory T cell cloning and killing of other immune cells,
exacerbating the disease in RRMS patients (Correale and Villa,
2008; Uemura et al., 2008). All these suggest the role of CD8+

regulatory T lymphocytes in the pathogenesis of MS. Correale
et al. suggested the induction of CD8 + CD25 + Foxp3 + cells,
CD4+ self-reactive cells, IFN-γ, and IL-17 in the culture plate
was inhibited, and the clone of CD8+ regulatory T lymphocytes
in the blood and CSF of MS patients in the exacerbation stage
is significantly lower than that of patients in the remission stage,
indicating that CD8+ regulatory T lymphocytes play a significant
regulatory role in MS and may stop the progression of MS
(Correale and Villa, 2010). Among MS patients treated with
glucocorticoid, Aristimuño et al. (2008) found that the number
of CD4+ and CD8+ regulatory T lymphocytes increased, while
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the number of CD8+ effector and memory T lymphocytes
had a downward trend, indicating that CD8+ regulatory T
lymphocytes may play a role in preventing the progression of MS,
while CD8+ effector T lymphocytes promote the progression
of MS. Effector T lymphocytes may attack the myelin sheath
of oligodendrocytes by releasing granzymes, TNF, cytolysin, and
other inflammatory mediators and may cause apoptosis of myelin
cells (Aristimuño et al., 2008).

Th17 lymphocytes are a newly discovered subgroup of
Th lymphocytes, named for their specific secretion of IL-17.
Their main function is to prevent the infection of extracellular
bacteria by regulating immune cells or non-immune cells,
and they also play an important role in the pathogeneses
of autoimmune diseases (Miossec and Kolls, 2012). The
number of Th17 lymphocytes in the CSF of RRMS patients
was found to increase significantly during the relapse stage,
suggesting that Th17 lymphocytes may play a pathogenic role
in MS (Brucklacher-Waldert et al., 2009). Th17 lymphocytes
release proinflammatory mediators including IL-17A, which
can downregulate the expression of blood-brain barrier (BBB)
connexin, increase the penetration of BBB, and facilitate the
entry of soluble inflammatory molecules and other circulating
immune molecules into the CNS (Rahman et al., 2018). The
level of IL-17 in the BBB of MS patients is associated with
the destruction of BBB, suggesting that IL-17 has similar
pathogenicity for EAE and MS (Setiadi et al., 2019). In
addition, IL-17 inhibits remyelination and repair and promotes
oligodendrocyte apoptosis (Pareek et al., 2011).

Treg is another important subgroup derived from the
differentiation of CD4 + T lymphocytes under the stimulation
of TGF-β. There are at least two types of CD4+ Tregs:
CD4 + CD25 + Tregs (nTregs) naturally produced by the
thymus, and Tregs produced by peripheral induction (iTregs).
NTregs mainly inhibit inflammation in a cell-contact dependent
manner, while iTregs play an immunosuppressive role by
secreting the inhibitory cytokines IL-10 or TGF-β (Bluestone
and Abbas, 2003; Moaaz et al., 2019). The possible mechanisms
of Tregs involved in the pathogenesis of MS include the
decrease of cell number, the loss of inhibitory ability, and a
defect in the ability to migrate to the CNS (Abdolahi et al.,
2015). The decrease of FoxP3 expression in Tregs of MS
patients suggests that the inhibitory function of Tregs is reduced
(Etesam et al., 2016). Studies have shown that increasing the
number of Tregs in EAE mice can inhibit the migration and
infiltration of mouse autoreactive T lymphocytes into the CNS
and significantly improve the symptoms of EAE induced by
myelin oligodendrocyte glycoprotein (Yan et al., 2010).

NKT cells are classically described as a subset of T cells sharing
characteristics of NK cells and typical αβ T cells (Zarobkiewicz
et al., 2021). NKT cells recognize lipid and glycolipid antigens
presented in the context of CD1d molecules, a non-classical
MHC molecule (Shinjo et al., 1987). Typically, NKT cells are
divided into three distinct populations-classical type I NKT
(termed also invariant NKT, iNKT), type II (non-classical) NKT,
and NKT-like cells (Godfrey et al., 2004). There was a great
reduction of iNKT cells in the peripheral blood of MS patients
(Illés et al., 2000). After treatment with IFN-β, the number

and function of iNKT cells recovered (Gigli et al., 2007). In
the remission stage of MS patients, iNKT cells produced more
IL-4 and showed Th2-type response polarization, suggesting
that iNKT cells may play an immunomodulatory role through
Th2 type response in MS patients (Araki et al., 2003). In EAE
mice, iNKT cells mainly secreted IL-4 and IL-10 to inhibit
EAE (Singh et al., 2001). In addition, iNKT cells can also
inhibit the further deterioration of EAE by regulating the
polarization of macrophages and the proliferation of myeloid-
derived suppressor cells (Condamine and Gabrilovich, 2011).

Innate immune CD16 + γδT lymphocytes also play a role in
the pathogenesis of MS. In vitro experiments have shown that
CD16 + γδT lymphocytes can induce cytotoxicity directly to
the CNS. In addition, CD16 + γδT lymphocytes can produce
antibody-dependent cytotoxicity to the antibody-coated target
cells, thereby damaging the myelin sheath; however, the specific
mechanisms have not been fully elucidated (Chen and Freedman,
2008a,b).

Various subtypes of T lymphocytes are involved in the
pathogenesis and development of MS. They play damaging,
regulatory, or protective roles and even have several simultaneous
roles in different disease stages. Further studies of the immune
role of T lymphocyte subsets in the pathogenesis of MS may
provide new ideas for the treatment of MS. In recent years, as
miRNA regulation of the immune system and involvement in
the pathogenesis of autoimmune diseases have been reported,
people have realized that miRNAs not only have a specific
expression pattern in the course of MS, but may also be
an important factor leading to the pathogenesis of MS (Wu
and Chen, 2016). There are specific distributions of miRNAs
transcriptomes in different subtypes of T lymphocytes, and
they play a very important regulatory role in the development
and differentiation of CD4 + T lymphocytes, the activation
of effector T lymphocytes, the maintenance of the immune
tolerance function of Treg cells, and the production of memory
T lymphocytes. Inhibiting the function of miRNAs or changing
the expression of miRNAs can lead to abnormal functions of T
lymphocytes, which in turn participates in the pathogenesis and
progression of MS.

MicroRNAs ARE INVOLVED IN MULTIPLE
SCLEROSIS BY REGULATING T
LYMPHOCYTES

MicroRNAs are a newly discovered class of non-coding
single-stranded RNA molecules that act mainly at the post-
transcriptional level. They bind to target genes and induce
complete or partial degradation of mRNAs and thus regulate gene
expression (Lindberg et al., 2010). miRNAs play an important
regulatory role in maintaining immune homeostasis and normal
immune function, and their dysregulated expression may be one
of the important reasons for disrupting the immune tolerance
balance. The abnormal expression of miRNAs in T lymphocytes
of MS patients is key to initiating the autoimmune pathogenesis
process of MS, which mainly involves the Th1, Th17, Treg, and
CD8+ lymphocytes (Bennett and Stüve, 2009).
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Th1 cells mediate autoimmune demyelination in MS. The
expression of miR-27b and miR-128 is increased in naïve
CD4 + T lymphocytes, and miR-340 expression is increased
in memory CD4 + T lymphocytes in MS patients; these
increased miRNAs contribute to the proinflammatory Th1
response by inhibiting the expression of IL-4 and B lymphoma
Mo-MLV insertion region 1 homolog (BMI1). Downregulation
of expression of these miRNAs with oligonucleotide miRNA
inhibitors leads to the restoration of Th2 responses and
has therapeutic potential in regulating T-cell phenotypes in
MS (Guerau-De-Arellano et al., 2011). miR-142-5p expression
is increased in the frontal white matter of MS patients;
overexpression of miR-142a-5p in activated lymphocytes could
shift the pattern of T lymphocyte differentiation toward
Th1 lymphocytes. Thus, miR-142-5p may be involved in the
pathogenesis of autoimmune neuroinflammation by promoting
Th1 lymphocyte differentiation (Talebi et al., 2017). The
expression of miR-155 is increased in the serum of MS
patients, especially during the relapse period; miR-155 enhances
the differentiation of Th17 and Th1 cells by increasing the
cytokine production of both IL-17A and IFN-γ, which sustain
the inflammation response and aggravate clinical signs of the
EAE model (Zhang et al., 2014). miR-140-5p may be involved
in the pathogenesis of MS by regulating encephalitogenic
T cells. Another mechanism study found that miR-140-5p
expression is significantly decreased in MS patients; signal
transducer and activator of transcription 1 (STAT1) is a
functional target of miR-140-5p, and overexpression of miR-
140-5p suppresses phenomenological Th1 differentiation by
inhibiting the activation of STAT1 and the expression of its
downstream target, T-bet (Guan et al., 2016). miR-92a is one of
the substantially upregulated miRNAs in MS. Rezaei et al. (2019)
demonstrated that miR-92a expression is significantly enhanced
at the peak of EAE, accompanied by decreased expression of
DUSP10 or TSC1. Another study found that miR-92a might
promote Th1 differentiation, likely owing to downregulation of
DUSP10 and TSC1 expression (Rezaei et al., 2019). miR-29b
expression is increased in T cells from MS patients and EAE mice.
Using mice deficient in miR-29, Wan et al. (2019) suggested that
miR-29ab1 is critical in regulating Th1 differentiation through
repression of T-bet and IFN-γ (Smith et al., 2012). miR-182 is
upregulated in RRMS patients and is correlated with increased
numbers of CD4 + Th1 cells and IFN-γ production in the
circulation. In EAE mice, overexpression of miR-182 resulted in
exacerbation of clinical symptoms and augmentation of Th1 and
Th17 differentiation (Wan et al., 2019).

Invasion of Th17 cells into the CNS is an underlying
pathogenic mechanism in MS (Abarca-Zabalía et al., 2020).
A disturbed Th17/Treg balance contributes to the development of
autoimmune diseases, including EAE and MS (Zhou et al., 2016).
It was reported that the expression of miR-27a is upregulated,
while miR-214 expression is downregulated in relapsing-phase
MS patients; the two miRNAs play inhibitory and promoting
roles in Th17 differentiation by modulating TGF-β and mTOR
signaling, respectively (Ahmadian-Elmi et al., 2016). Li et al.
observed that miR-1-3p expression is upregulated in Th17 cells
from MS-relapse patients. Overexpression of miR-1-3p in naïve

CD4 + T cells promotes Th17 cell differentiation by increasing
ETS1 expression (Li et al., 2020). Azimi et al. (2019) demonstrated
that miR-326 is involved in the immunopathogenesis of MS by
inducing Th17 cell differentiation and maturation. Azimi et al.
suggested miR-326 negatively regulates differentiation of naïve T
to Th17 cells by targeting Ets-1 (Junker et al., 2009; Azimi et al.,
2019).

miR-326 may also target the CD46 molecule, which could
increase the degradation of myelin by inhibiting the phagocytic
activity of macrophages, thereby increasing the severity of MS
and EAE (Junker et al., 2009). miR-155 expression is significantly
upregulated in brain-infiltrating myelin-autoreactive CD4 + T
lymphocytes, can promote Th17 (but not Th1) development by
targeting two heat shock protein genes, Dnaja2 and Dnajb1,
and contributes to the development of EAE (Mycko et al.,
2015). In in vitro cytokine-induced Th17 cells, miR-21 and miR-
181c expression is significantly increased, and their upregulation
promotes Th17 cell differentiation by targeting Smad7. In miR-21
or miR-181c-deficient mice, Th17 cell differentiation is defective,
and EAE progresses slowly. However, because the two miRNAs
act on the same target gene, whether their mechanism of
promoting Th17 cell differentiation is competitive or synergistic
needs to be further verified (Murugaiyan et al., 2015; Zhang
et al., 2018; Huang et al., 2021). miR-26a is another important
regulator for balancing Th17/Treg differentiation. It was reported
the miR-26a expression is downregulated in MS patients and
C57BL/6 mice in an EAE model system; decreased miR-26a
resulted in increased expression of Th17-related cytokines and
vice versa. By contrast, expression of Foxp3, the Treg cell-specific
transcription factor, was found to be positively correlated with
miR-26a expression. Further study found that overexpression
of miR-26a could inhibit Th17 and promote Treg cell function
by targeting IL-6 (Zhang et al., 2015). Tob1 is a well-known
suppressor of Th17 differentiation and is a direct target of
miR-590. Liu Q. et al. (2017) revealed that miR-590 expression
is markedly increased in Th17 cells of MS patients and can
promote pathogenic Th17 differentiation through inhibiting
Tob1 expression. The expression of let-7f-5p is significantly
downregulated in CD4 + T lymphocytes from MS patients and
during the process of Th17 differentiation. Li et al. suggested that
overexpression of let-7f-5p could inhibit Th17 differentiation.
Signal transducer and activator of transcription 3 (STAT3) is a
direct target of let-7f-5p and also a critical transcription factor of
Th17 cells; let-7f-5p may serve as a potential inhibitor of Th17
differentiation in the pathogenesis of MS by targeting STAT3 (Li
et al., 2019). Consistent results were obtained by Angelou et al.
(2019), who re-emphasized the pivotal roles of let-7 in clonal
expansion, and acquisition of the pathogenic Th17 phenotype
and suggested that let-7 may directly target the chemokine
receptors CCR2 and CCR5 as well as the cytokine receptors IL-
1R1 and IL-23R to inhibit pathogenic Th17 differentiation during
EAE development.

miR-17 and miR-19b are two miRNAs responsible for
promoting Th17 responses. Liu et al. (2014) found miR-17
enhances Th17 polarization by inhibiting Ikaros family zinc
finger 4 (IKZF4), whereas miR-19b reduces the expression of
phosphatase and tensin homology (PTEN), thereby activating
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the PI3K-AKT-mTOR axis crucial for Th17 differentiation. miR-
146a deficiency can induce more severe EAE in mice and
cause increased differentiation into Th17 cells; a mechanical
study suggested that miR-146a is an important molecular
brake that blocks the autocrine IL-6- and IL-21-induced Th17
differentiation pathways in autoreactive CD4 T cells (Li et al.,
2017). Upregulated let-7e expression was correlated with the
development of EAE; inhibiting let-7e in vivo reduced the
number of encephalitogenic Th1 and Th17 cells and attenuated
EAE (Guan et al., 2013). miR-141 and miR-200a are negative
regulators of Th17 cell differentiation in RRMS patients; in the
relapsing phase of MS, the expression of both miR-141 and miR-
200a shows upregulation, which is involved in the pathogenesis
of MS by inducing differentiation of Th17 cells and inhibiting
differentiation to Treg cells (Naghavian et al., 2015). Wu et al.
(2017) showed that miR-448 can enhance Th17 differentiation
and aggravate the disease; protein tyrosine phosphatase non-
receptor type 2 (PTPN2) is an anti-inflammatory regulator with
the capacity to suppress Th17 differentiation and is a direct target
of miR-448, which in turn might promote Th17 differentiation in
MS by inhibiting PTPN2.

miR-30a expression is greatly decreased during Th17
differentiation in MS patients and EAE mice; IL-21R is a direct
target of miR-30a, and overexpression of miR-30a results in fewer
Th17 cells and alleviated EAE by targeting IL-21R (Qu et al.,
2016). miR-15b is another important miRNA that regulates the
differentiation of Th17 cells. miR-15b expression is significantly
downregulated in MS patients and EAE mice. By regulating
o-GlCNAC transferase activity, miR-15b suppresses Th17
differentiation both in vivo and in vitro and is involved in the
pathogenesis of MS (Liu R. et al., 2017). miR-183c expression is
increased in Th17 cells and is induced by the IL-6-STAT3 signal;
it can promote pathogenic cytokine production during Th17 cell
development and enhances autoimmunity. In fact, miR-183c
directly inhibits the expression of the transcription factor Foxo1,
which negatively regulates the pathogenicity of Th17 cells by
inhibiting the expression of IL-1R1 (Ichiyama et al., 2016).

Tregs dysregulation is a common phenomenon in
autoimmune diseases including MS. TGF-β signaling is
essential for the development and function of Tregs. The levels
of TGF-β signaling components in naïve CD4 T cells of MS
patients are reduced (Aram et al., 2020). In an miRNA profile
study of naïve CD4 + T lymphocytes in MS patients, Severin
et al. (2016) identified 12 differentially expressed miRNAs that
were validated using qRT-PCR and predicted to target the TGF-β
signaling pathway, including: miR-18a, -27b, -103a, -128, -141,
-212, -500a, -628-3p, -708, let-7a, -7b, and -7f. They inferred
that miRNAs may be one important reason for Tregs defects
observed in MS patients. The increased expression of a variety
of TGF-β-targeting miRNAs in naïve CD4 + T cells of MS
patients impairs TGF-β signaling and inhibits the development
of Tregs, thereby increasing the susceptibility to MS. Another
miRNA genome-wide expression profile by microarray analysis
on CD4 + T lymphocytes showed the miR-25 and miR-106b
expression is downregulated in RRMS patients; these two
miRNAs may regulate the TGF-β signaling pathway and Tregs
differentiation and maturation by modulating CDKN1A/p21

and BCL2L11/Bim (De Santis et al., 2010). miR-30d expression is
increased in feces from EAE mice and untreated MS patients. Liu
et al. (2019) showed that synthetic miR-30d can ameliorate EAE
through expansion of Tregs. Let-7i expression is upregulated
in MS patients; upregulated let-7i expression inhibits CD4 + T
lymphocyte differentiation into Treg cells by decreasing the
expression of transforming growth factor β receptor 1 (TGFBR1)
and insulin-like growth factor 1 receptor (IGF1R) (Kimura
et al., 2018). It has been reported the miR-27 expression is
highly upregulated in T cells isolated from MS patients. Cruz
et al. (2017) showed that miR-27 negatively regulates Treg
cells; mechanically, the excessive expression of miR-27 could
negatively impact FOXP3 induction and Treg development
through targeting of c-Rel (Ruan et al., 2009). Smad7 is also
a direct target of miR-181a and -b, and its expression is
significantly decreased in brain white matter from MS patients
as well as in the spinal cords of EAE mice during the acute and
chronic phases of the diseases. Overexpression of miR-181a
and -b-inhibited Th1 generation in CD4 + T cells promotes
Treg differentiation, providing potential therapeutic options for
controlling inflammation in MS (Ghorbani et al., 2017).

Based on our review of recent literature, we believe
that miRNAs are involved in the process of T lymphocyte
differentiation, activation, and function through a variety
of pathways. These mRNAs (Figure 1 and Table 1) are
involved in the regulation of T lymphocyte differentiation and
transformation, such as the balance between Th1/Th2 and
Th17/Tregs. T lymphocytes phenotypic disorders are the main
pathological mechanism of a variety of autoimmune diseases,
including MS. Importantly, in view of T-cell-specific miRNA
expression patterns, evaluation of differential miRNA expression
may enable these miRNAs to become diagnostic biomarkers for
MS as an important complement to current diagnostic methods
(Paul et al., 2019).

MicroRNAs IN T LYMPHOCYTES AS
MULTIPLE SCLEROSIS DIAGNOSTIC
BIOMARKERS

The dysregulated expression of miRNAs is involved in the
pathogenesis of MS through modulating the T lymphocyte
phenotype. According to MS complex pathophysiology and
innate immunity as well as adaptive immunity contribution to
disease, a changed expression profile of miRNAs of a specific
T-cell subgroup may provide new potential biomarkers for
MS (Table 2).

A case-control study was performed by Ghadiri et al., and
forty RRSM patients were enrolled (including 20 relapsing and
20 remitting MS patients); they detected the expression levels of
several miRNAs in CD4 + T cells using RT-PCR and further
evaluated the diagnostic value of these miRNAs for MS. The
results showed that the expression levels of miR-30c and miR-
34a are elevated significantly in relapsing MS patients compared
with those of remitting ones and healthy controls, whereas the
miR-199a expression levels were higher in the remitting patients
than the relapsing ones and healthy controls. In addition, the
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FIGURE 1 | Correlation between miRNA alterations and expression of direct targets in T cell subsets of multiple sclerosis. Red words indicate the up-regulated
miRNAs and green words indicate the down-regulated miRNAs.

transcript level of miR-19a was increased in relapsing patients
versus remitting patients, but there was no meaningful difference
between MS patients and healthy controls. Receiver operating
characteristics (ROC) analysis suggested the expression levels of
miR-19a, -30c, and -34a have a discriminable value for relapsing
and remitting phases in RRMS patients (Ghadiri et al., 2018).

The increase in miR-21 level usually represents an
inflammatory response (Loboda et al., 2016). In MS, miR-
21 expression was found to be upregulated in RRMS patients
in relapse. However, in remitting phase, the expression levels
of miR-21 were decreased in CD4 + T cells of RRMS patients,
which could be used as a diagnostic biomarker to help distinguish
relapsing and remitting phases in RRMS patients. Moreover,
Ruhrmann et al. (2018) observed lower expression of miR-21
in RRMS patients than in secondary progressive MS (SPMS)
patients and controls, and this difference became significant
in a larger independent cohort. miR-155 expression was
downregulated in CD8 + T cells of RRMS patients and was
associated with the patients’ Expanded Disability Status Scale

(EDSS), shedding light on the potential use of miR-155 in
the diagnosis of MS (Elkhodiry et al., 2021). miR-26a and
miR-326 expression was also upregulated in peripheral blood
lymphocytes of relapsing phase MS patients when compared
with that of the remitting-phase patients and healthy controls.
Furthermore, miR-326 was confirmed as a biomarker to
discriminate between relapsing and remitting phases of MS with
high specificity and sensitivity (100%), as determined by ROC
analysis (Honardoost et al., 2014).

Sanders et al. (2016) utilized next-generation sequencing
(NGS) for the miRNA expression profile in the CD4 + T cells
of SPMS patients; 42 dysregulated miRNAs were identified in
the CD4 + T cells of SPMS patients when compared with
healthy controls. Five of the miRNAs (miR-21-5p, -26b-5p, -
29b-3p, -142-3p, and -155-5p) showed downregulated expression
and possessed the potential to be used as a diagnostic SPMS
biomarkers (Sanders et al., 2016). miR-1-3p expression is
upregulated in Th17 cells in MS-relapse patients and is positively
associated with the severity of MS. In addition, overexpression
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TABLE 1 | Dysregulation of miRNAs in T sub-typing cells of multiple sclerosis.

Subtypes of T
cells

miRNAs Models/patients Target Function References

Th1 cells miR-27b, miR-128, miR-340 MS mice/patients IL-4, BMI1 Contribute to pro-inflammatory Th1
response.

Guerau-De-Arellano
et al., 2011

miR-142-5p MS patients SOCS1, TGFBR1 Promote Th1 lymphocytes
differentiation

Talebi et al., 2017

miR-155 MS patients/EAE IL-17A, IFN-γ Promote Th1 and Th17 lymphocytes
differentiation

Zhang et al., 2014

miR-140-5p MS patients STAT1 Suppress phenomenological Th1
differentiation

Guan et al., 2016

miR-92a EAE mice DUSP10, TSC1 Promote Th1 lymphocytes
differentiation

Rezaei et al., 2019

miR-29b MS patients/EAE mice T-bet, IFN-γ Regulate the Th1 differentiation Smith et al., 2012

miR-182 RRMS patients HIF-1α Promote Th1 differentiation Wan et al., 2019

Th17 cells miR-326 RRMS patients ETS1, CD46 Regulate differentiation of naïve T to
Th17 cells

Junker et al., 2009

miR-1-3p MS-relapse patients ETS1 Promote Th17 cells differentiation Li et al., 2020

miR-155 EAE mice Dnaja2, Dnajb1 Promote Th17 cells development Mycko et al., 2015

miR-21 EAE mice/cell models Smad7 Promote Th17 cells differentiation Murugaiyan et al., 2015

miR-181c EAE mice/cell models Smad7 Promote Th17 cells differentiation Zhang et al., 2018

miR-26a MS patients/C57BL/6
mice

IL-6 Downregulate Th17 and to upregulate
Treg cell function

Zhang et al., 2015

miR-590 MS patients Tob1 Promote pathogenic Th17
differentiation in MS and enhance
inflammation in CNS

Liu Q. et al., 2017

let-7f-5p MS patients STAT3 Inhibit Th17 differentiation Li et al., 2019

miR-17, miR-19b EAE mice IKZF4, PTEN Enhance Th17 polarization and
differentiation

Liu et al., 2014

let-7 EAE mice Il1r1, Il23r, Ccr2, Ccr5 Inhibit the pathogenic Th17
differentiation

Angelou et al., 2019

miR-146a EAE mice IL-6, IL-21 Regulate Th17 differentiation Li et al., 2017

let-7e EAE mice IL-10 Promote pathogenic Th17
differentiation

Guan et al., 2013

miR-141, miR-200a RRMS patients TGF-β Induce differentiation of Th17 cells Naghavian et al., 2015

miR-448 MS patients PTPN2 Promote pathogenic Th17
differentiation

Wu et al., 2017

miR-30a MS patients/EAE mice IL-21R Inhibit differentiation of Th17 cells Qu et al., 2016

miR-467b EAE mice eIF4E Suppress Th17 cell differentiation Wu et al., 2021

miR-15b MS patients/EAE mice o-GlCNAC Suppress Th17 cell differentiation Liu R. et al., 2017

miR-20b MS patients/EAE mice STAT3 Inhibit differentiation of Th17 cells Zhu et al., 2014

miR-183c EAE mice Foxo1 Promote the pathogenic cytokines
production during Th17 cell
development

Ichiyama et al., 2016

Tregs miR-18a, -27b, -103a, -128,
-141, -212, -500a, -628-3p,
-708, let-7a, -7b, -7f

MS patients TGF-β Impair TGF-β signaling and inhibits the
development of Tregs.

Severin et al., 2016

miR-30d EAE mice – Expansion of Tregs Liu et al., 2019

let-7i MS patients TGFBR1, IGF1R Inhibited CD4 + T lymphocytes
differentiation into Tregs

Kimura et al., 2018

miR-25, miR-106b RRMS patients CDKN1A/p21,
BCL2L11/Bim

Disrupt the TGF-β signaling pathway
and inhibit Tregs differentiation and
maturation

De Santis et al., 2010

miR-27 MS patients c-Rel Inhibit Treg development Cruz et al., 2017

miR-181a, 181-b MS patients/EAE Smad7 Influence differentiation of Tregs Ghorbani et al., 2017

of miR-1-3p in naïve CD4 + T cells could promote Th17
cell differentiation by increasing the levels of inflammatory
mediators; thus, knockout of miR-1-3p may be a potential

therapeutic strategy for MS (Li et al., 2020). miR-590 is another
highly expressed miRNA in Th17 cells of MS patients and could
also promote Th17 cell differentiation through regulating IL-17A
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TABLE 2 | Studies of diagnostic or prognostic biomarkers in patients of multiple sclerosis.

MIRNAs Expression changes T cell subtypes Samples Biomarker type and indication References

miR-21-5p, -26b-5p,
-29b-3p, -142-3p,
-155-5p

Down-regulated CD4 + T cells 12P/12HC Diagnosis biomarker for SPMS Sanders et al., 2016

miR-1-3p Up-regulated Th17 cells 36P/33HC Diagnosis and severity biomarker for MS Li et al., 2020

miR-590 Up-regulated Th17 cells 42P/33HC Diagnosis biomarker for MS Liu R. et al., 2017

miR-30, -34a Up-regulated CD4 + T cells 40P/20HC Diagnosis biomarker and discriminate for
relapsing and remitting phases in RRMS
patients

Ghadiri et al., 2018

miR-199a Down-regulated

miR-21 Down-regulated CD4 + T cells 20P/12HC Discriminate for relapsing and remitting phases
in RRMS patients, and SPMS patients

Ruhrmann et al., 2018

miR-26a, miR-326 Up-regulated Th17 cells 40P/20HC Discriminate for relapsing and remitting phases
in RRMS patients

Honardoost et al., 2014

miR-155 Down-regulated CD8 + T cells 25P/10HC Diagnosis biomarker for MS Elkhodiry et al., 2021

miR-1, -20a, -28, -95,
-146a, -335, -625

Down-regulated PBMC 12 third trimester/12
post-partum/12P

Monitor disease activity of pregnancy in MS
patients

Søndergaard et al.,
2020

MS, multiple sclerosis; P, Patients; PBMC, peripheral blood mononuclear cells; HC, healthy controls; SPMS, secondary progressive MS, RRMS, remitting relapsing MS.

and RAR-related orphan receptor C expression. miR-590 may
serve as a diagnostic biomarker and is a crucial target for potential
therapeutic intervention (Liu Q. et al., 2017).

The recurrence rate of pregnant MS patients is 66% less
than that of other MS patients (Li et al., 2021). In pregnant
MS patients, differentially expressed miRNAs were performed
with quantitative real-time PCR on PBMC. Flow cytometry
analyzed on PBMC stained with antibodies directed against
surface markers of antigen presenting cells (APCs), CD4+ and
CD8 + T cells, NK-cells, NKT cells and subsets of these cell types,
including programmed cell death 1 ligand 1 (PDL1) and PDL2
expressing subsets. The results showed that the expressions of
miR-1, miR-20a, miR-28, miR-95, miR-146a, miR-335, and miR-
625 in the PBMC of pregnant MS patients were downregulated,
while the levels of PDL1, PDL2 and IL-10 were increased
compared with untreated MS patients. The PDL1, PDL2, and IL-
10 were the illustrated targets of these miRNAs and there was a
negative correlation between them (Søndergaard et al., 2020).

However, miRNAs as diagnostic biomarkers of MS are still
a long way from their application in clinical practice. First,
miRNAs derived from peripheral T lymphocytes with differential
expression rarely overlap; each study has drawn different
conclusions, making it impossible to determine the reference
value of each miRNA. In addition, there is a lack of international
agreement on normalization methods and unified references
owing to the different detection methods used in each study. Even
if most studies used RT-PCR to detect miRNA expression levels,
the results differ owing to different amplification times in RT-
PCR detection, and normalization methods may influence the
results. Moreover, miRNA from different sources and measured
in different moments may also differ (the expression of miRNA
in serum could differ from the expression of miRNA in different
cell subtypes). Finally, there is a lack of well-designed multicenter
studies; for instance, Honardoost et al. (2014) suggested that
miR-326 has 100% specificity and sensitivity in MS diagnosis,
but this still needs to be validated in a multicenter-controlled
study with a larger number of MS patients. Regardless, despite the

many shortcomings, the development of miRNAs as biomarkers
is critical for future drug development and a better understanding
of disease pathogenesis. In addition, miRNAs differentially
expressed in peripheral T lymphocytes are non-invasive or
minimally invasive; as such, they remain attractive targets for
the early application of miRNAs in T lymphocytes as diagnostic
biomarkers for MS in clinical practice.

MicroRNAs IN T LYMPHOCYTES AS
MULTIPLE SCLEROSIS THERAPEUTIC
TARGETS

Studies on the intervention of the MS pathological mechanism
by regulating miRNA expression in peripheral T lymphocytes are
currently mainly focused on EAE models, in which regulating
miRNA expression has a therapeutic effect. For instance, miR-
301a expression is upregulated in the T cells of EAE models which
promotes Th17 cell differentiation; knockout miR-301a can
inhibit Th17 cell development by targeting the IL-6/23-STAT3
pathway, and thus miR-301a expression may be a therapeutic
target for controlling autoimmune demyelination (Mycko et al.,
2012). Suppression of miR-155 can decrease Th1 and Th17
responses in the CNS, and reduce the clinical severity of EAE,
even before the appearance of clinical symptoms (Murugaiyan
et al., 2011). In an in vitro model of MS, inhibited miR-155
expression reduced the expression of CD4 + T cell effector
cytokines IFN-γ and IL-17, contributing to the view that miR-
155 might be a valuable target in MS therapy (Jevtić et al., 2015).
miR-467b expression was decreased in CD4 + T cells of EAE;
silencing miR-467b could inhibit the differentiation and function
of Th17 cells by targeting eIF4E, which would alleviate EAE (Wu
et al., 2021). Lentiviral vectors for miR-20b overexpression in vivo
also led to decreased Th17 cells and reduced severity of EAE
(Zhu et al., 2014).

In addition to regulating the expression of Th17 cell-related
miRNAs to treat MS, modulation of the Th2 to Th1 shift
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is also a major research direction. The expression of miR-
27b, miR-128, and miR-340 is upregulated in CD4 + T cells
from MS patients, which induces the shift from Th2 to Th1
cytokines. Oligonucleotide-miRNA inhibitors of these miRNAs
have been shown to induce the restoration of Th2 responses
in vitro. In vivo experiments also suggest that silencing miR-
27b, miR-128, and miR-340 could be used to treat MS patients
(Guerau-De-Arellano et al., 2011).

However, current studies confirming the potential therapeutic
effects of regulating T-cell-associated miRNAs on MS are limited
to in vitro or in EAE models; there are many challenges
in applying this strategy in clinical settings. (i) Although
miRNAs are designed to target and regulate specific T-cell-
related genes, miRNAs may also target genes unrelated to
therapeutic effects and may produce unexpected changes
in gene expression levels. Therefore, precise regulation is
key to the clinical application of miRNA agomir/antagomir
drugs. (ii) As most animal studies of miRNA therapeutic
strategies focus on target tissues of interest, it is possible to
overlook the off-target effects of miRNA agomir/antagomir in
other tissues. How to avoid off-target effect is an important
research direction of miRNA therapeutic strategies. (iii)
Standardized dosage and schedule, efficacy verification,
and prevention of side effects will also be difficulties
that need to be overcome in the study of miRNAs as a
treatment strategy.

CONCLUSION

MicroRNAs play an important role in fine-tuning the adaptive
immune response to inflammatory factors and MS. They can
also directly regulate the involvement of T lymphocytes in the
pathological mechanism of MS. Although emerging studies have
determined the differential expression of miRNAs in a variety
of T lymphocytes from MS patients, there is still a lot of work
in progress regarding the mechanism of miRNA networks and
their targets. Better understanding of how miRNA expression
affects T lymphocyte responses would provide clues to the
potential relevance of a given miRNA during the disease or
allow identification of biomarkers for the discrimination of MS
subtypes. However, being able to transform from association
to causation is a difficult and challenging task. Only by
identifying and verifying the mRNAs specifically targeted by each
relevant miRNA can it be determined which miRNAs should be
considered as effective options for MS treatment.
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Central nervous system (CNS) disorders, such as ischemic stroke, Alzheimer’s disease,
Parkinson’s disease, spinal cord injury, glioma, and epilepsy, involve oxidative stress and
neuronal apoptosis, often leading to long-term disability or death. Emerging studies
suggest that oxidative stress may induce epigenetic modifications that contribute
to CNS disorders. Non-coding RNAs are epigenetic regulators involved in CNS
disorders and have attracted extensive attention. Long non-coding RNAs (lncRNAs)
are non-coding RNAs more than 200 nucleotides long and have no protein-coding
function. However, these molecules exert regulatory functions at the transcriptional,
post-transcriptional, and epigenetic levels. However, the major role of lncRNAs in
the pathophysiology of CNS disorders, especially related to oxidative stress, remains
unclear. Here, we review the molecular functions of lncRNAs in oxidative stress and
highlight lncRNAs that exert positive or negative roles in oxidation/antioxidant systems.
This review provides novel insights into the therapeutic potential of lncRNAs that mediate
oxidative stress in CNS disorders.

Keywords: long non-coding RNAs, oxidative stress, therapeutic target, central nervous system, pathogenesis

INTRODUCTION

Central nervous system (CNS) disorders, such as acute ischemic stroke (AIS), Alzheimer’s disease
(AD), Parkinson’s disease (PD), spinal cord injury (SCI), glioma, and epilepsy, usually lead to
serious clinical consequences, long-term disability, or death (Xu et al., 2021). Several pathological
processes involved in CNS disorders, including neuroinflammation, mitochondrial dysfunction,
apoptosis, oxidative stress, and autophagy result in impaired CNS structure and dysfunction
(Anderson et al., 2016; Khoshnam et al., 2017). In these pathological processes, oxidative stress
plays a pivotal role in each disease (Scannevin et al., 2012). Oxidative stress refers to a pathological
state in which free radicals in the body exceed its antioxidant capacity. Due to the redox imbalance,
excessive reactive oxygen species (ROS) and reactive nitrogen (RNS) are generated, leading to
Fenton reactions occurring via the action of metal ions to form hydroxyl radicals (·OH) (Sies,
2015; Sinha and Dabla, 2015). Excessive ROS induces lipid peroxidation and DNA, RNA, and
protein oxidation, leading to neuronal dysfunction and death (Chen et al., 2011; Ouyang et al.,
2015). Previous studies suggest that patients with higher concentrations of lipid peroxidation
mediators have worse prognosis in CNS disorders, such as in AIS and AD (Klimiuk et al., 2019;
Maciejczyk et al., 2020). Therefore, considering that hyperactive oxidative stress responses arise
after the occurrence of CNS disorders, finding effective strategies to modulate oxidative stress
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in the CNS is important for restricting oxidative injuries and
protecting neurological function (Costa et al., 2016).

Emerging studies suggest that oxidative stress may induce
epigenetic modifications that ultimately lead to CNS disorders
(Zhao et al., 2016). Non-coding RNAs have attracted extensive
attention as epigenetic regulators involved in CNS disorders (Wu
and Kuo, 2020). Long non-coding RNAs (LncRNAs) are a class
of RNAs more than 200 nucleotides long but have no protein-
coding function. These molecules were initially considered as a
transcription by-product without important biological functions.
However, numerous studies found that lncRNAs serve as an
important “medium” in cells (Hombach and Kretz, 2016).
LncRNAs are involved in the regulation of cell proliferation,
differentiation, the cell cycle, and apoptosis at the transcriptional,
post-transcriptional, and epigenetic levels. Furthermore, a few
annotated lncRNAs play an important role in oxidative stress-
related diseases and CNS disorders (Chu et al., 2022). For
instance, elevated levels of the lncRNA rhabdomyosarcoma 2
related transcript (RMST) augment AIS by reducing microRNA
(miR)-221-3p-mediated regulation of phosphoinositide-3-kinase
regulatory subunit 1 (PIK3R1) and activating the transforming
growth factor-β (TGF-β) pathway (Li et al., 2022). In contrast,
knocking down lncRNA Gm11974 attenuates neuronal injury in
AIS by modulating the miR-122-5p/semaphorin 3A (SEMA3A)
signaling pathway (Yang et al., 2021). These results reveal that
lncRNAs exert a positive or negative role in oxidative stress
responses and suggest that lncRNAs may be key molecules
involved in oxidative stress.

Despite recent advances, the role of lncRNAs and their
downstream regulatory networks in regulating oxidative stress
remains unclear. In this review, we collect existing evidence and
discuss the characteristics of lncRNAs and their involvement
in the oxidative/antioxidant system in different CNS disorders
including AIS, neurodegenerative diseases, traumatic diseases,
epilepsy, and glioma. Moreover, we discuss the potential
molecular mechanisms involved in the regulation of oxidative
stress, which may provide new insights into potential therapeutic
lncRNA targets in CNS disorders that mediate oxidative stress.

OXIDATIVE STRESS AND THE
NRF2/KEAP1/ARE PATHWAY

Oxidative stress occurs when the physiological balance between
oxidants and antioxidants is disrupted, which shifts the balance
to favor oxidants and results in potential damage to the body
(Sies et al., 2017). Oxidative stress and the related inflammatory
responses, autophagy and apoptosis, are key factors involved in
CNS disorders (Hybertson et al., 2011). ROS are continuously
produced by all aerobic organisms through both enzymatic
and non-enzymatic reactions. The most common ROS include
superoxide anion radicals (O2·

−), hydroxyl radicals (·OH),
hydrogen peroxide (H2O2), nitric oxide (NO), and nitrite
peroxide (ONOO−). In humans, the major ROS sources are
mitochondria and various ROS-producing enzymes, including
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase
(NOX), xanthine oxidase (XO), nitric oxide synthase (NOS), and

myeloperoxidase (MPO) (Pizzino et al., 2017; Jakubczyk et al.,
2020). The CNS has a relatively poor antioxidant defense due to
its high oxygen consumption and high polyunsaturated fatty acid
levels. At the physiological level, neurons are repaired through
their own antioxidant defense system, which prevents neuronal
oxidative damage (Salim, 2017). When excessive ROS production
exceeds the repair capacity of the endogenous antioxidant system,
biological macromolecules (such as lipids, proteins, and nucleic
acids) undergo oxidative damage and can even activate apoptosis.
Endogenous antioxidant enzymes such as superoxide dismutase
(SOD), catalase (CAT) and glutathione peroxidase (GPx), and
non-enzymatic antioxidants such as glutathione, ubiquinone,
and ascorbic acid (vitamin C) help maintain cellular redox
homeostasis (Figure 1; Rodrigo et al., 2013; Salim, 2017).

Among the antioxidant defense mechanisms, nuclear factor-
erythroid related factor-2 (Nrf2) is a master regulator of
transcriptional activation in antioxidant effects and can balance
ROS production. Under oxidative stress, Nrf2 dissociates from
Kelch-like Ech-associated protein 1 (Keap1) and translocates
into the nucleus, where it binds to antioxidant response
elements (ARE) (Silva-Palacios et al., 2018), thereby activating
downstream antioxidant defense enzymes such as NAD(P)H
quinone dehydrogenase 1 (NQO1), heme oxygenase 1 (HO-
1), glutathione S-transferase (GST), and enzymes involved
in glutathione synthesis and metabolism (γ-glutamyl cysteine
synthetase) (Yamamoto et al., 2018; Baird and Yamamoto, 2020).
Unfortunately, decreased antioxidant proteins have been found
in many CNS disorders. Recent findings on the association
of lncRNAs with oxidative stress may provide new ideas for
explaining this phenomenon.

LNCRNA CLASSIFICATION

LncRNAs account for 80–90% of all ncRNAs. Compared
with other ncRNAs such as microRNAs (miRs) and circular
RNAs, lncRNAs have longer sequences, more complex spatial
structures, and more diverse and complex mechanisms involved
in the regulation of gene expression (Esteller, 2011). LncRNAs
generally have similar characteristics to protein-coding genes,
but tend to contain only one intron and have a low
tendency for co-transcriptional splicing. Similar to mRNA,
lncRNAs are alternately spliced and are primarily transcribed
by RNA polymerase II, with about half having 5′-Cap and 3′-
polyadenosine structures. LncRNAs also have a special secondary
structure that provides several protein and DNA/RNA binding
sites (Wei et al., 2018). Thus, lncRNAs regulate gene expression in
various ways: (i) by interfering with transcription factor binding
to target genes; (ii) interacting with small RNA; (iii) binding
to proteins and acting as ribonuclein scaffolds; (iv) binding to
chromatin to regulate chromatin remodeling; (v) and binding
mRNA and affecting translation, shearing, and degradation (Shi
et al., 2013; Deniz and Erman, 2017). LncRNAs have differences
in size, molecular partners, and mechanism of action. According
to their relative position and host protein-coding genes, lncRNAs
can be divided into exons, introns, overlapping lncRNAs, and
intergenic lncRNAs (Figure 2; Tan et al., 2021).
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FIGURE 1 | Schematic diagram of redox reactions.

FIGURE 2 | lncRNAs are classified into four categories by their location relative to neighboring protein-coding genes. (A) Exon lncRNAs, (B) intron lncRNAs, (C)
overlapping lncRNAs, and (D) intergenic lncRNAs.

There is no clear, unified standard for lncRNA classification.
Indeed, lncRNA can be basically divided into the following
categories based on their relative positions with encoding genes:
intergenic lncRNA (lincRNA), sense lncRNA, antisense lncRNA,
untranslated lncRNA, promoter-related lncRNA (pancRNA),
introns lncRNA (intronic RNA), and enhancing lncRNA. The
position of the lncRNA in the genome often determines its
regulating mechanism and related functions (Chen et al., 2021a).
In addition, lncRNAs are roughly classified into four categories
according to their roles: signal molecules, decoy molecules,
guide molecules, and scaffold molecules (Figure 3; Wang
and Chang, 2011). As signal molecules, lncRNAs participate
in the conduction of some signal pathways. Some lncRNAs
regulate the transcription of downstream genes and reflect their
spatiotemporal expression. As decoy molecules, lncRNAs can
combine with and remove some transcription factors to regulate
gene expression. As guide molecules, lncRNAs can recruit cis-
or trans- genes for chromatin modification enzymes. As scaffold
molecules, lncRNAs can bind various proteins to form complexes
and modify histones on chromatin (Dahariya et al., 2019; He
et al., 2021).

The functions of lncRNAs are well known and numerous
abnormal lncRNAs are observed in CNS disorders. However,

research on the mechanism and possible consequences of
abnormal lncRNAs in CNS disorders remains limited, especially
for CNS disorders involving oxidative stress. In this review,
we specifically focus on how lncRNAs regulate oxidative stress
in CNS disorders (Table 1). By mediating oxidative stress,
lncRNAs may provide new potential targets for the treatment
of CNS disorders.

LNCRNAS MEDIATING OXIDATIVE
STRESS IN CENTRAL NERVOUS
SYSTEM DISORDERS

LncRNAs Mediating Oxidative Stress in
Acute Ischemic Stroke
During AIS, the sudden reduction or interruption of glucose
and oxygen supply rapidly disturbs energy metabolism in brain
tissue, which leads to the generation of abundant ROS and
oxidative intermediates, resulting in severe oxidative damage
in a short period of time (Wang et al., 2018a). In early AIS,
cellular metabolism shifts to anaerobic glycolysis, resulting in
decreased NADPH, increased O2

−, and dysregulated neuronal

Frontiers in Molecular Neuroscience | www.frontiersin.org 3 June 2022 | Volume 15 | Article 93170422

https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles


fnmol-15-931704 June 15, 2022 Time: 6:36 # 4

Xu and Zhang LncRNAs Regulate OS in CNS Disorders

FIGURE 3 | lncRNA mechanisms of action. (A) As signaling molecules, lncRNAs convey specific cell development and spatiotemporal information to regulate
corresponding gene expression. (B) As decoy molecules, lncRNAs sequester target molecules, which inhibits downstream functions. (C) As guide molecules,
lncRNAs recruit chromatin modification complexes to target genes in either cis or trans. (D) As scaffold molecules, lncRNAs form functional complexes to participate
in histone modification and/or stabilize nuclear structures.

energy metabolism (Burmistrova et al., 2019). This also causes
neuronal ion channels to malfunction and cell membranes to
depolarize, leading to excessive release of excitatory transmitters
and subsequent excitatory toxicity (Amantea and Bagetta,
2017). Excessive glutamate release causes Na+–Ca2+ exchanger
(NCX) dysfunction and mitochondrial depolarization, resulting
in calcium overload and increased ROS production (Shi et al.,
2018). Additionally, phospholipase is activated, which leads to
polyunsaturated fatty acid (PUFA) release and ROS generation
as PUFAs are metabolized into inflammatory mediators such as
prostaglandins (Chuang et al., 2015; Figure 4).

Nuclear paraspeckle assembly transcript 1 (NEAT1) is a
lncRNA that is dysregulated in various human cancers (Li
et al., 2021a). NEAT1 plays a protective role in oxygen-
glucose deprivation/reoxygenation (OGD/R)-activated brain
microvascular endothelial cells (Zhou et al., 2019). As an
activator of the antioxidant pathway, NEAT1 overexpression
stabilizes Mfn2 mRNA by recruiting Nova, thereby increasing
Mfn2 expression and alleviating ischemia-reperfusion-induced
oxidative stress and apoptosis via the Mfn2/Sirt3 pathway
(Zhou et al., 2022).

The lncRNA rhabdomyosarcoma 2-associated transcript
(RMST) has pivotal roles in regulating AIS through multiple
pathophysiological mechanisms, including oxidative stress.
In OGD/R-induced AIS, increased RMST was observed.
Downregulating RMST ameliorated increased MDA and ROS
while decreasing SOD and NO levels. The effect of RMST
downregulation abrogates OGD/R-triggered oxidative stress,
likely by downregulating SEMA3A expression via sponging miR-
377 (Zhao et al., 2021).

Previous studies reported that the lncRNA AK139328 is
associated with ischemia/reperfusion injury (IRI) in various
organs (Chen et al., 2015; Yu et al., 2018). AK139328 is
increased in PC12 cells activated by OGD/R. However, AK139328
silencing decreases ROS production and upregulates endothelial
nitric oxide synthase (eNOS) protein expression, which suggests
that knocking down AK139328 may alleviate OGD/R-induced
oxidative stress in PC12 cells (Liu et al., 2021).

OGD could upregulate lncRNA small nucleolar RNA host
gene 14 (SNHG14) and downregulate its derived miR-199b in
BV2 cells. SNHG14-derived miR-199b targets the 3′ UTR of
aquaporin 4 (AQP4) to increase SOD activity and markedly
decrease MDA levels (Liu et al., 2021).

MACC1-AS1 is the antisense lncRNA of MACC1 and has
been identified as an oncogene in multiple cancers (Zhao
et al., 2018; Guo et al., 2020). miR-6867-5p suppresses the
proliferation of endometriosis (Park et al., 2019); MACC1-
AS1, the endogenous competitor of miR-6867-5p, exerts
anti-apoptosis effects, maintains cell barrier function, and
reduces anti-oxidative stress in hypoxia-induced human
brain microvascular endothelial cells (HBMECs) under
hypoxic conditions by regulating miR-6867-5p/TWIST1
(Yan et al., 2020).

Opa-interacting protein 5 antisense RNA 1 (OIP5-AS1)
is involved in the development of multiple human cancers
(Deng et al., 2018; Wang et al., 2019). OIP5-AS1 could
also function through miRNAs. Overexpressing OIP5-AS1
attenuates oxidative stress and inflammation in a middle cerebral
artery occlusion/reperfusion (MCAO/R) rat model, possibly
via antioxidant functions activated by targeting miR-186-5p to
increase C1q/TNF-related protein 3 (CTRP3) and Nrf2 (Chen
et al., 2021b). Similarly, neuroprotective effects were observed
from the lncRNA CCAAT enhancer binding protein α antisense
RNA 1 (CEBPA-AS1).

OGD/R upregulates CEBPA-AS1 expression in SH-SY5Y cells,
while CEBPA-AS1 silencing antagonizes the effects of OGD/R
on oxidative stress by decreasing ROS levels and increasing
SOD and GSH levels. These results indicate that CEBPA-AS1
knockdown reduces OGD/R-induced oxidative stress in neurons
(Di et al., 2021).

The lncRNA potassium voltage-gated channel subfamily Q
member 1 opposite strand 1 (KCNQ1OT1) aggravates oxidative
stresses and inflammation during hypoxia. KCNQ1OT1 could
target miRNAs to alter oxidative stress. For example, KCNQ1OT1
is upregulated in blood samples from patients with AIS. In
OGD/R model PC12 cells, the cells were protected from oxidative
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TABLE 1 | The molecular targets, downstream pathways and oxidative stress regulation of lncRNAs in central nervous system (CNS) disorders.

CNS disorders lncRNAs Expression Intermediate
molecule

Downstream
pathway

Animals or Cells Models Observed oxidative
stress indicators

References

AIS NEAT1 Decreased Mfn2 Sirt3 BV-2/N2a cells OGD/R ROS, SOD, MDA Zhou et al.,
2022

RMST Increased miR-377 SEMA3A N2a cells OGD/R ROS, MDA, SOD, NO Zhao et al.,
2021

AK139328 Increased Netrin-1 NA PC12 cells OGD/R ROS, eNOS Liu et al., 2021

SNHG14 Increased miR-199b AQP4 BV-2 cells OGD/R SOD, MDA Liu et al., 2021

MACC1-AS1 Decreased miR-6867-5p TWIST1 HBMECs Hypoxia ROS, SOD, MDA, CAT Yan et al., 2020

OIP5-AS1 Decreased miR-186-5p CTRP3 Rats/BV-2 cells MCAO/R MDA, SOD, GSH-Px Chen et al.,
2021b

CEBPA-AS1 Increased miR-24-3p BOK SH-SY5Y cells OGD/R ROS, SOD, GSH Di et al., 2021

KCNQ1OT1 Increased miR-140-3p HIF-1α PC12 cells OGD/R ROS, SOD, MDA, LDH Yi et al., 2020

ZFAS1 Decreased miR-582-3p NOS3 PC12 cells OGD/R MDA, LDH, GSH-px, SOD,
NO, eNOS

Zhang and
Zhang, 2020

SNHG16 Decreased miR-421 XIAP SK-N-SH cells OGD/R ROS, SOD, MDA, LDH Cao et al.,
2022

GAS5 Increased miR-455-5p PTEN Rats/PC12 cells OGD/R, MCAO/R CAT, SOD, GSH-Px Wu et al., 2021

Gm11974 Increased miR-122-5p SEMA3A Mice/N2a cells OGD/MCAO MDA, LDH, NO, CAT, H2O2 Yang et al.,
2021

SNHG7 Decreased miR-134-5p FGF9 N2a cells OGD ROS, SOD, MDA, CAT,
LDH

Sun et al., 2021

AK046177 Increased miR-134 CREB Rats/Primary cortical cells OGD/R/MCAO SOD, GSH-Px, MDA,
NADPH, Nrf2

Wang et al.,
2020a

AD XIST Increased miR-132 NA Hippocampal neurons Aβ25−35 SOD, GSH-Px, MDA Wang et al.,
2018b

H19 Increased miR-129 HMGB1 PC12 cells Aβ25−35 SOD, MDA, CAT Zhang et al.,
2021

BDNF-AS Increased NA BDNF PC12 cells Aβ25−35 SOD, MDA, CAT, ROS Guo et al.,
2018
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TABLE 1 | (Continued)

CNS disorders lncRNAs Expression Intermediate
molecule

Downstream
pathway

Animals or Cells Models Observed oxidative
stress indicators

References

WT1-AS Decreased WT1 miR-375/SIX4 SH-SY5Y cells Aβ25−35 ROS, MDA, LDH, SOD,
GSH-Px

Wang et al.,
2020b

TUG1 Increased miR-15a ROCK1 Mice/Hippocampal neurons Aβ25−35 MDA, SOD Li et al., 2020

PD MIAT Increased miR-221-3p TGF-β1/Nrf2 axis Mice/MN9D dopaminergic
neuronal cells

MPTP SOD, GSH, MDA Lang et al.,
2022

NORAD Decreased miR-204-5p SLC5A3 Neuroblastoma/SK-N-SH/-
N-AS
cells

MPP+ SOD, LDH Zhou et al.,
2020

RMST Increased NA TLR/NF-κB
signaling

Rats MPTP SOD, CAT, GSH-Px, NOS,
MDA, NO

Ma et al., 2021

AL049437 Increased miR-205-5p MAPK1 Mouse/SH-SY5Y cells MPTP/ MPP+ ROS Zhang et al.,
2020a

MALAT1 Increased EZH2 Nrf2 C57BL/6 mice MPTP SOD, CAT Cai et al., 2020

Lnc-p21 Increased miR-625 TRPM2 SH-SY5Y MPP+ SOD Ding et al.,
2019

T199678 Decreased miR-101-3p α-Syn SH-SY5Y cells α-Syn ROS Bu et al., 2020

SCI CASC9 Decreased miR-383-5p LDHA Rats/PC12 cells LPS/Pentobarbital LDH, MDA Guan and
Wang, 2021

GAS5 Increased CELF2 VAV1 RN-Sc cells OGD/R GSH-Px, SOD, MDA Wang et al.,
2021a

TCTN2 Decreased miR-329-3p IGF1R Rats/PC12 cells LPS SOD, MDA Liu et al., 2022

SOX2OT Increased miR-331-3p Neurod1 Rats/PC12 cells LPS SOD, MDA Li et al., 2021b

Glioma H19 Increased NA NA U251/LN229 cells H2O2 NA Duan et al.,
2018

TLE MEG3 Decreased NA PI3K/AKT/mTOR
pathway

Rats LiCl/Pilocarpine SOD, MDA Zhang et al.,
2020a

α-Syn, α-synuclein; AD, Alzheimer’s disease; AIS, acute ischemic stroke; CAT, catalase; eNOS, endothelial nitric oxide synthase; EZH2, enhancer of zeste homolog 2; GSH-PX, glutathione peroxidase; HBMECs,
hypoxia-induced human brain microvascular endothelial cells; LDH, lactate dehydrogenase; LPS, lipopolysaccharide; MCAO/R, middle cerebral artery occlusion/reperfusion; MDA, malondialdehyde; MPP+, 1-Methyl-4-
phenylpyridinium ion; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; NADPH, nicotinamide adenine dinucleotide phosphate; NF-κB, nuclear factor kappa B; NO, nitric oxide; NOS3, nitric oxide synthase 3; Nrf2,
nuclear factor E2-related factor 2; OGD/R, oxygen-glucose deprivation/reoxygenation; PD, Parkinson’s disease; RN-Sc, rat neurons-spinal cord; ROS, reactive oxygen species; SCI, spinal cord injury; SOD, superoxide
dismutase; TGF-β1, transforming growth factor-β1; TLE, temporal lobe epilepsy; TLR, Toll-like receptor.
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FIGURE 4 | The pathways involved in oxidative stress and in the formation of reactive oxygen species in the different pathologies of central nervous system disorders.

FIGURE 5 | Roles and functions of lncRNAs in regulating oxidative stress during central nervous system disorders.

stress injury. KCNQ1OT1 might target miR-140-3p to enhance
hypoxia-inducible factor-1α (HIF-1α) expression (Yi et al., 2020).

The lncRNA ZFAS1 is significantly downregulated in patients
with AIS. Mechanistically, lncRNA ZFAS1 acts as a “sponge”
for miR-582-3p, which upregulates nitric oxide synthase

3 (NOS3) expression and associated antioxidant functions
(Zhang and Zhang, 2020).

LncRNA small nucleolar RNA host gene16 (SNHG16) has
been well-documented for oncogenic properties in various
malignancies (Gong et al., 2020). X-linked inhibitor-of-apoptosis
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protein (XIAP) suppresses neurological dysfunction and
neuronal apoptosis, thereby relating to preconditioning
treatment for cerebral I/R injury (Wang et al., 2021b).
Overexpressing SNHG16 enhances cell proliferation and
inhibits apoptosis. SNHG16 might enhance XIAP expression
by sponging miR-421 to attenuate cell inflammation and
oxidative stress in an OGD/R-induced SK-N-SH cell model
(Cao et al., 2022).

The lncRNA growth-arrest-specific transcript 5 (GAS5) is
widely reported as a tumor suppressor gene (Saussez et al.,
1998). Suppressing GAS5 exerts anti-oxidative stress effects
in MCAO rats, downregulates GAS5-impaired NOS activity,
reduces MDA and protein carbonyl content, and enhances
SOD, CAT, and glutathione peroxidase (GSH-Px) activities.
Additionally, GAS5 increases cell viability and decreases
apoptosis in OGD/R-induced PC12 cells and MCAO rats
(Wu et al., 2021).

Previous studies indicate that some antioxidants (CAT and
SOD) and pro-oxidants (LDH, MDA, and NO) could be potential
endogenous targets for stroke therapy (Chen et al., 2011).
In MCAO mice, silencing lncRNA Gm11974 contributes to
the recovery of neurological function. In addition, depleting
Gm11974 suppresses neuronal apoptosis in OGD-stimulated N2a
cells, These neuroprotective effects may occur because Gm11974
silencing increases SOD and CAT activity while decreasing MDA,
LDH, and NO levels (Yang et al., 2021).

Cyclic AMP response element binding protein (CREB), a
leucine zipper transcription factor, inhibits ROS production and
inhibits severe ischemic injury by upregulating brain-derived
neurotrophic factor (BDNF) and Bcl-2 (Kitagawa, 2007). The
role of lncRNA AK046177 has not been elucidated, though
in MCAO rats, inhibiting AK046177 expression significantly
alleviates I/R- or OGD/R-mediated neuronal injury. This
neuroprotective effect after cerebral ischemia injury occurs
via AK046177 inhibition, while increases cAMP synthesis,
promotes CREB expression and phosphorylation, stimulates Nrf2
activation, and attenuates I/R- or OGD/R- mediated injury
(Wang et al., 2020a).

The lncRNA SNHG7 is downregulated in OGD-treated
neurons. SNHG7 expression reduces OGD-induced cell damage.
Increased SNHG7 expression reverses N2a cell viability during
OGD, promotes SOD and CAT activity, and decreases OGD-
triggered MDA and ROS production. FGF9, a target of miR-
134-5p, represses OGD/R-induced cell damage by promoting
cell viability and repressing cell apoptosis (Gao et al., 2020).
SNHG7 overexpression protects against OGD-induced neuronal
damage by modulating cytotoxicity, cell viability, apoptosis, and
oxidative stress. The underlying molecular mechanism is that
SNHG7 stimulates FGF9 expression by associating with miR-134-
5p (Sun et al., 2021).

In summary, multiple lncRNAs are involved in the
pathogenesis of AIS through oxidative stress. Regulating
lncRNAs expression has neuroprotective effects in AIS cells and
animal models. In addition, most of these lncRNAs regulate the
expression of their downstream mRNAs by sponging their target
miRNAs, which regulates oxidative stress (Zhang et al., 2020c).
These recent studies provide a new mechanism for lncRNAs

to participate in AIS pathogenesis and suggest potential novel
therapeutic strategies for AIS.

LncRNAs Mediating Oxidative Stress in
Alzheimer’s Disease
Oxidative stress plays an important role in AD pathogenesis.
Excessive oxidative stress causes lipid peroxidation, protein
nitrification, and nucleic acid destruction, which affects the
synaptic capacity of neurons and even leads to apoptosis (Jiang
et al., 2016a). When amyloid (Aβ) is irreversibly deposited
in brain tissue, oxygen free radicals are produced, which
causes oxidative stress, resulting in neuronal dysfunction,
metabolic disorder, and a significant decline in learning,
cognition, and memory (Cheignon et al., 2018). Aβ activates
N-methyl-D-aspartic acid receptors to promote oxygen free
radical production, thereby inducing neuronal damage (Shelat
et al., 2008). In vitro cultured neurons exposed to Aβ have
increased lipid peroxidation and hydrogen peroxide levels.
Antioxidants may inhibit Aβ aggregation (Meske et al.,
2008). In addition, Aβ can inactivate antioxidant enzymes,
which induces ROS generation and forms a positive feedback
pathway to aggravate oxidative stress in the nervous system
(Dessalew et al., 2007). Moreover, oxidative stress activates
glycogen synthetic kinase (GSK-3), which is an isomer of Tau
protein kinase. Therefore, oxidative stress also promotes Tau
protein phosphorylation, resulting in neurological impairment
(Rönnemaa et al., 2008).

LncRNAs may antagonize Aβ neurotoxicity through various
mechanisms, including antioxidant activity. In hippocampal
neurons, Aβ25-35 treatment induces oxidative stress, which is
indicated by significantly decreased SOD and GSH-Px activity
and increased MDA levels. XIST knockdown alleviates the
effects of Aβ25-35 treatment on SOD, GSH-Px, and MDA
levels. Studies investigating the underlying mechanism by which
XIST functions suggest that XIST exerts regulatory functions by
binding to miR-132 and upregulating its expression. Importantly,
miR-132 has been reported to play a neuroprotective role
against oxidative stress (Wong et al., 2013; Wang et al.,
2018b).

Aβ25-35 upregulates H19 and downregulates miR-129 in
PC12 cells. Further, silencing H19 and upregulating miR-129
improves cell viability and represses apoptosis in PC12 cells
stimulated by Aβ25-35 in AD. This protective effect was partly
achieved by two ncRNAs, elevated SOD and CAT expression, and
decreased MDA expression (Zhang et al., 2021).

The lncRNA BDNF-AS, a natural antisense transcript to
BDNF, negatively modulates BDNF in vitro and in vivo
(Modarresi et al., 2012). In Aβ25-35-induced PC12 cells,
ROS production is significantly increased, MDA activity
is substantially elevated, and SOD and CAT activity are
dramatically decreased. Silencing BDNF-AS reverses the Aβ25-35
induced oxidative stress response, suggesting that BDNF-AS may
participate in AD development and progression via oxidative
stress (Guo et al., 2018). A previous study suggests that BDNF
protects neurons against 3-nitropropionic acid-induced oxidative
stress by increasing sestrin2 expression and decreasing ROS
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formation (Wu et al., 2016). Therefore, silencing BDNF-AS may
exert anti-oxidative effects by increasing BDNF expression.

Wilms’ tumor suppressor (WT1) is highly expressed in AD
and promote apoptosis, which leads to neurological failure
(Lovell et al., 2003). The lncRNA WT1-AS, a natural antisense
transcript to WT1, negatively modulates WT1. In Aβ25-35-
induced SH-SY5Y cells, WT1-AS is downregulated. In contrast,
overexpressing WT1-AS significantly decreases ROS, MDA, and
LDH levels in SH-SY5Y cells, while SOD and GSH-Px are
markedly elevated. miR-375, which is a target of WT1, targets
the 3′ UTR of SIX4. Overexpressing WT1-AS inhibits miR-375
expression by suppressing WT1, which prevents AD occurrence
and development (Wang et al., 2020b).

LncRNA taurine upregulated gene 1 (TUG1) functions
by regulating miRNA expression. TUG1 silencing strengthens
antioxidant ability and depresses neuronal apoptosis in an Aβ25-
35-induced AD mouse model. Further, TUG1 might perform
antioxidant functions by targeting miR-15a to inhibit Rho-
associated protein kinase 1 (ROCK1) (Li et al., 2020).

Although several studies confirm that oxidative stress is
an important mechanism of AD pathogenesis, the number of
studies on lncRNAs that regulate oxidative stress during AD
pathogenesis is limited. In Aβ25-35-induced AD cells and animal
models, XIST, H19, BDNF-As, WT1-As, and TUG1 regulate
oxidative stress by modulating target miRNA or via other
pathways. By investigating the regulatory mechanism of these
lncRNAs, we will further understand the role of lncRNAs in AD
pathogenesis and identify potential therapeutic strategies for AD.

LncRNAs Mediating Oxidative Stress in
Parkinson’s Disease
Parkinson’s disease is a progressive age-related
neurodegenerative disease (Andrei Surguchov, 2022).
The main pathological features of PD are the loss of
dopaminergic neurons in the substantia nigra dense region
and the formation of Lewy bodies (Samii et al., 2004).
The main clinical manifestations of PD are static tremor,
myotonia, bradykinesia, and abnormal posture and gait.
These symptoms are often accompanied by non-motor
symptoms such as anxiety, depression, and cognitive decline
(Khoo et al., 2013; Lopiano et al., 2016). The pathogenesis
of PD is still unclear. Recent studies have confirmed that
oxidative stress plays an important role in PD occurrence
and development (Gaki and Papavassiliou, 2014). Oxidative
stress damages neurons through free radicals. Substantia
nigra dopaminergic neurons are particularly susceptible
to oxidative stress (Rodriguez-Pallares et al., 2012). ROS
target mitochondria, resulting in dysfunction and reduced
energy production. Dopaminergic neurons in the substantia
nigra have super-long unmyelinated axons and high energy
consumption (Pissadaki and Bolam, 2013). In patients with
PD, substantia nigra dopamine neurons under oxidative
stress have energy demands that exceeds the energy supply,
which eventually kills the damaged neurons. In the remaining
dopaminergic neurons, cellular metabolism is accelerated
due to compensatory dopamine synthesis, which produces

more free radicals and further increases oxidative stress
(Dias et al., 2013). Furthermore, oxidative deamination of
dopamine by monoamine oxidase (MAO) produces H2O2
as a by-product, while enzymatic oxidation of the electron-
rich catechin portion of dopamine by tyrosinase, cycloxase,
and other enzymes produces O2

− (Muñoz et al., 2012).
Spontaneous dopamine oxidation can also occur through
interactions with unstable iron and other biomaterials, thereby
producing ROS (H2O2, O2

−, and OH) (Sun et al., 2018).
Considering the significant role of oxidative stress in PD
pathogenesis, ameliorating oxidative stress by regulating
lncRNAs can deepen our understanding of PD pathogenesis and
elucidate new treatments.

LncRNA myocardial infarction-associated transcript (MIAT)
was originally isolated as a candidate gene for myocardial
infarction. The over-expanding role of MIAT in various
human diseases has been recently revealed, including PD (Shen
et al., 2021). MIAT is highly expressed in 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP)-treated mice and 1-methyl-
4-phenylpyridinium ion (MPP +)-treated cells. Downregulating
MIAT promotes SOD and GSH production, but inhibits
MDA in MPP + -treated cells. Blocking MIAT increases
cell viability and inhibits cell apoptosis. Additionally, MIAT
enhances Nrf2 expression by modulating its target, miR-221-3p
(Lang et al., 2022).

The lncRNA non-coding RNA activated by DNA damage
(NORAD) is a highly conserved lncRNA that is necessary
for genome stability. Dysregulated NORAD is present in
various cancer types (Soghli et al., 2021). In MPP + -
induced neuroblastoma cells, reduced NORAD expression
is observed. Interestingly, NORAD overexpression relieves
cytotoxicity and inflammatory responses of neuroblastoma cells
after MPP + treatment. NORAD upregulation also inhibits
MPP + -induced LDH increase, reduces increased ROS activity,
and suppresses SOD activity in SK-N-SH and SK-N-AS cells. The
inhibition of oxidative stress by NORAD upregulation is partly
achieved by regulating the miR-204-5p/solute carrier family 5-
member 3 (SLC5A3) axis (Zhou et al., 2020).

In MPTP-induced PD rat models, silencing RMST also
has anti-oxidative stress effects. Silencing RMST could reduce
inflammatory responses and suppress neuron apoptosis in the
substantia nigra of PD rats. In addition, silencing RMST increases
SOD, CAT, and GSH-Px activity, reduces NOS activity, and
decreases MDA and NO content. These results suggest that
RMST could be neuroprotective against dopamine neurons
injury caused by oxidative stress (Ma et al., 2021).

miR-205-5p plays a protective role during PD. Upregulation
miR-205-5p inhibits the expression of leucine-rich repeat kinase
2 (LRRK2) and prevents neurite outgrowth defects induced by
the R1441G LRRK2 mutation, which indicates a major role of
miR-205-5p in neuron survival (Cho et al., 2013). AL049437
is a “sponge” or an endogenous competitor of miR-205-5p.
Silencing AL049437 promotes the protective function of miR-
205-5p, suppresses apoptosis of SH-SY5Y cells, and reduces
oxidative stress (Zhang et al., 2020b).

As an activator of the antioxidant pathway, overexpression
of MALAT1 was observed in MPTP-treated PD mice. MALAT1
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contributes to inflammasome activation in microglial cells, which
triggers neuronal injury by interacting with enhancer of zeste
homolog 2 (EZH2) to regulate Nrf2-mediated antioxidative
responses. Reducing MALAT1 increases antioxidant capacity and
attenuates oxidative stress damage (Cai et al., 2020).

Long non-coding RNA-p21 (lnc-p21) regulates mRNA
translation, gene expression, protein stability, and p53-
dependent apoptosis (Hall et al., 2015). Lnc-p21 is upregulated
in PD and remains overexpressed during PD progression
(Kraus et al., 2017). In human neuroblastoma SH-SY5Y cells
treated with MPP +, lnc-p21 is highly expressed. Knocking
down lnc-p21 mitigates MPP +-induced oxidative stress and
neuroinflammation, as evidenced by decreased ROS generation,
increased SOD activity, and decreased interleukin 6 (IL-6),
tumor necrosis factor α (TNF-α) and IL-1β levels. TRPM2 is
activated by oxidative stress, resulting in elevated intracellular
Ca2+ concentrations (Nazıroğlu, 2011). Mechanistically, lnc-p21
knockdown exerts anti-oxidative function by downregulating
TRPM2 expression via sponging miR-625, the target of lnc-p21
(Ding et al., 2019).

Gene microarray analysis revealed decreased lncRNA-
T199678 expression in an exogenous α-synuclein-induced
SH-SY5Y cellular model of PD (Lin et al., 2018). In α-
synuclein-induced SH-SY5Y cellular PD models, ROS levels are
significantly increased, while overexpressing lncRNA-T199678
reverses intracellular oxidative stress induced by exogenous
α-synuclein. miR-101-3p is a potential target for lncRNA-
T199678 and binds with α-synuclein at a specific 3′ UTR binding
site. Therefore, overexpressing lncRNA-T199678 inhibits α-
synuclein-induced neuronal damage via regulating intracellular
oxidative stress, cell cycle dysfunction, and apoptosis by targeting
miR-101-3p (Bu et al., 2020).

In vitro and in vivo studies of PD suggest that lncRNAs
regulate miRNA participation in oxidative stress through
endogenous competition mechanisms and directly regulate SOD
and LDH levels. Moreover, Nrf2 is a main target of lncRNA
regulation. Therefore, lncRNAs may be involved in regulating
oxidative stress in PD through various mechanisms and may
become a potential target for PD treatment.

LncRNAs Mediating Oxidative Stress in
Spinal Cord Injury
Spinal cord injury is a common CNS disorder that is
characterized by different degrees of sensorimotor dysfunction,
which often leads to paraplegia, quadriplegia, and other
pathological changes that seriously affect the quality of life
in a patient (James et al., 2019). Oxidative stress plays an
important role in SCI pathogenesis. Previous studies showed
that abundant ROS are generated immediately after SCI, which
can induce oxidative stress not neutralized in time. More
importantly, oxidative stress is involved in secondary events, such
as excitatory toxicity, inflammatory responses, and neuronal and
glial apoptosis (Fatima et al., 2015). Taking effective measures to
prevent or decrease oxidative stress after injury is an effective
measure to intervene in SCI. For each link of free radical chain
reactions, an appropriate inhibitor or free radical scavenger can

achieve effective anti-oxidation (Kikuchi et al., 2013). At present,
various antioxidants have been studied. Some results suggest that
lncRNAs may affect oxidative stress through various mechanisms
and play a therapeutic role in SCI.

LncRNA cancer susceptibility candidate 9 (CASC9) has
been extensively studied in various cancers and functions as
an oncogene in bladder cancer and esophageal squamous
cell carcinoma (Huo et al., 2020; Zhao et al., 2020).
Lipopolysaccharide (LPS) downregulates CASC9 and upregulates
its derived miR-383-5p in LPS-induced PC12 cells. CASC9-
derived miR-383-5p targets the 3′ UTR of LDHA to downregulate
Nrf2 and HO-1 proteins. CASC9 also exert functions through
miRNAs. Overexpressing CASC9 attenuates oxidative stress and
inflammation in an SCI rat model. This antioxidant function may
occur by targeting miR-383-5p to inhibit Nrf2/HO-1 signaling
(Guan and Wang, 2021).

lncRNA growth arrest specific transcript 5 (GAS5) regulates
the development of some CNS disorders. For instance, GAS5
was identified as a potential tumor suppressor in glioma (Zhao
et al., 2015). Overexpressing GAS5 facilitates cell apoptosis
induced by OGD in MCAO mouse models by reducing mitogen
activated protein kinase 4 (MAP4K4) expression (Deng et al.,
2020). The CELF2/VAV1 pathway might coordinate with GAS5
to enhance OGD-triggered oxidative stress and cell injury.
GAS5 knockdown downregulates VAV1 expression by recruiting
CELF2 to the coding region of VAV1 mRNA, which mitigates SCI
by reducing oxidative stress and caspase-3 activity in rat models
(Wang et al., 2021a).

LncRNA tectonic family member 2 (TCTN2) is a functional
RNA that is involved in autophagy in neurons, thereby
modulating neuronal apoptosis and improving SCI (Ren et al.,
2019). Insulin-like growth factor 1 receptor (IGF1R) has an active
role in neural stem cell-mediated motor recovery after spinal
cord transection (Hwang et al., 2018). In the spinal cord of
SCI model rats and LPS-stimulated PC12 cells, increased miR-
329-3p levels are observed. Inhibiting miR-329-3p reverses LPS-
induced neuronal apoptosis, oxidative stress, and inflammation
by upregulating IGF1R. miR-329-3p is a target of TCTN2.
Thus, exosomes derived from TCTN2-modified mesenchymal
stem cells may improve SCI via the miR-329-3p/IGF1R axis
(Liu et al., 2022).

LncRNA SOX2 overlapping transcript (SOX2OT) is linked
to the development of multiple human cancers (Zhang et al.,
2016; Zhan et al., 2020). Neurod1 is involved in SCI-stimulated
oxidative stress and inflammatory damage (Fu et al., 2018).
SOX2OT was identified as a miR-331-3p sponge that positively
regulates Neurod1 expression. SOX2OT knockdown ameliorates
LPS-mediated inflammation, improves cell viability, reduces
apoptosis, and inhibits oxidative stress in PC12 cells by
modulating the miR-331-3p/Neurod1 axis and activating Janus
kinase signaling (Li et al., 2021b).

LncRNAs Mediating Oxidative Stress in
Other Disorders
Oxidative stress is closely related to cancer cell survival and
the development of glioma (Gilbert et al., 2014). Excessive ROS
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levels produced by oxidative stress can affect cell function and
change gene expression, which may promote glioma progression
(Kim et al., 2014). LncRNA H19 encodes a 2.3-kb long transcript
and is a carcinogenic lncRNA in several cancers, including
glioma (Jiang et al., 2016b). Overexpressing H19 in gliomas
can contribute to malignant transformation, promote tumor
proliferation, invasion, infiltration, and chemoresistance (Jia
et al., 2016). In glioma cell models, H19 levels are induced
by oxidative stress and are increased in U251 and LN229
cells. Meanwhile, overexpressing H19 in U251 and LN229 cells
causes temozolomide resistance, which indicates that H19 confers
temozolomide resistance to glioma cells (Duan et al., 2018).

Epilepsy is a disease in which epigenetic mechanisms play
an important role in the pathogenesis (Surguchov et al., 2017).
Temporal lobe epilepsy (TLE) is a common CNS disorder that is
characterized by recurrent seizures (Chen et al., 2016). LncRNA
maternally expressed gene 3 (MEG3) is a well-known tumor
suppressor gene (Wang et al., 2012). In TLE rat models, MEG3
expression is downregulated along with high MDA content
and decreased SOD activity. Upregulating MEG3 enhances cell
viability, reverses oxidative stress, and inhibits apoptosis through
activating the PI3K/AKT/mTOR pathway in TLE. These findings
may contribute to developing new therapeutic targets for epilepsy
(Zhang et al., 2020a).

CONCLUSION

The cellular and molecular changes underlying CNS injuries
provide a wealth of potential biomarkers and therapeutic

targets. Oxidative stress plays an important role in the
occurrence and development of CNS disorders. In addition,
secondary pathological damage caused by oxidative stress,
including neuroinflammatory responses, mitochondrial damage,
and increased apoptosis, are the main cause of exacerbated
CNS disorders. Therefore, regulating oxidative stress in CNS
disorders may help alleviate neurological damage and provide a
new therapeutic strategy for CNS disorders.

In recent years, accumulating studies show that lncRNAs,
which were originally considered “junk” and “noise,” are widely
involved in multiple human diseases, including CNS disorders
and are associated with oxidative stress. We demonstrate that
many lncRNAs regulate oxidative stress by interacting with
miRNAs, thereby regulating SOD activity, MDA expression
levels, and other functions. In addition, some lncRNAs directly
regulate antioxidant pathways (such as Nrf2/HO-1 signaling)
to regulate the pathogenesis of CNS disorders. These oxidative
stress-related lncRNAs may be potential key biomarkers and
therapeutic targets of CNS disorders (Figure 5). Further, these
lncRNAs may provide a novel strategy for disease diagnosis and
treatment. Future studies will elucidate the precise mechanisms
by which lncRNAs regulate oxidative stress in CNS disorders.
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Central nervous system (CNS) disorders, such as ischemic stroke, neurodegenerative
diseases, multiple sclerosis, traumatic brain injury, and corresponding neuropathological
changes, often lead to death or long-term disability. Long non-coding RNA
(lncRNA) is a class of non-coding RNA with a transcription length over 200 nt
and transcriptional regulation. lncRNA is extensively involved in physiological and
pathological processes through epigenetic, transcription, and post-transcriptional
regulation. Further, dysregulated lncRNA is closely related to the occurrence and
development of human diseases, including CNS disorders. HOX Transcript antisense
RNA (HOTAIR) is the first discovered lncRNA with trans-transcriptional regulation.
Recent studies have shown that HOTAIR may participate in the regulation of the
occurrence and development of CNS disorders. In addition, HOTAIR has the potential
to become a new biomarker for the diagnosis and prognosis assessment of CNS
disorders and even provide a new therapeutic target for CNS disorders. Here, we
reviewed the research results of HOTAIR in CNS disorders to provide new insights into
the pathogenesis, diagnostic value, and therapeutic target potential of HOTAIR in human
CNS disorders.

Keywords: long non-coding RNAs, central nervous system disorders, HOTAIR, pathogenesis, diagnostic value,
therapeutic target

INTRODUCTION

Central nervous system (CNS) disorders, including ischemic stroke, neurodegenerative diseases
(NDDs), multiple sclerosis (MS), traumatic brain injury (TBI) and the subsequent neuropathic
injuries, are the main causes of morbidity and mortality (Hong et al., 2019; Khellaf et al., 2019;
Herpich and Rincon, 2020). However, due to the lack of beneficial treatments for these complex
neuropathologies, CNS disorders are often accompanied by acute and chronic cellular damage
(Shang et al., 2020; Troshev et al., 2021). Therefore, there is an urgent need for effective therapeutic
methods to prevent secondary injury caused by treatment and to successfully treat CNS disorders
(Marehbian et al., 2017; Esechie et al., 2019).
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Long non-coding RNA (LncRNA) is a class of non-coding
RNA with a transcription length over 200 nt and transcriptional
regulation. Most lncRNAs are transcribed and spliced by RNA
polymerase II, and some lncRNAs have both 5′ end caps and
3′ poly(A) tails (Derrien et al., 2012). Similar to protein-coding
genes, some epigenetic modifications of lncRNAs are visible
throughout the genome, but they usually have no functional
open reading frame (Tan et al., 2021). Importantly, lncRNAs
participate in the occurrence and development of many diseases
(Riva et al., 2016; Bao et al., 2018). Accordingly, they can be used
as a molecular sponge, modulator of signal pathways, epigenetic
regulator, and molecular scaffold to extensively regulate various
important biological activities, including cell proliferation,
differentiation, growth and development, and cell apoptosis.
Specifically, lncRNAs participate in various signal transduction
regulation processes and play the following roles: (i) scaffold:
binding to two or more proteins to play a regulatory role; (ii)
decoy: inducing and combining with a series of regulatory factors
to hinder its combination with the corresponding functional sites;
(iii) guide: recruiting specific proteins and combining with them
to form complexes; (iv) signal: lncRNA can reflect the regulation
of genes by transcription factors or signal pathways in space and
time (Wang and Chang, 2011).

lncRNAs interact with other biomolecules (e.g., DNA, RNA
and proteins) and play an important role in biological processes
through several mechanisms, such as acting as inhibitory
sponges for microRNAs (miRNAs), participating in chromatin
remodeling and affecting protein stability (Jalali et al., 2017).
lncRNAs can be expressed in multiple tissues, but the highest
expression levels are found in the CNS (Policarpo et al., 2021).
Several lncRNAs have been shown to play important roles in
the regulation of CNS development, and the ability of lncRNAs
to participate in the regulation of hundreds of transcriptomes
against CNS injury and disorder makes them candidates
for stabilizing transcriptomic homeostasis and as promising
therapeutic targets (Wu et al., 2013). HOTAIR is one of the
most extensively studied lncRNAs found dysregulated in human
tumors. Although it does not encode proteins, it is involved in
RNA processing, gene regulation, chromatin modification, gene
transcription, and post-transcriptional regulation.

HOTAIR expression level can well reflect the disease state
and can be used as a potential biomarker (Liu et al., 2020).
Studies have shown that HOTAIR can competitively inhibit some
target miRNAs to act as its molecular sponge to release miRNA
inhibition on target messenger RNA (mRNA) and play specific
biological functions (Rajagopal et al., 2020; Chi et al., 2021).
HOTAIR plays an indispensable role in many pathophysiological
processes through epigenetic regulation (Tsai et al., 2010).
Accordingly, HOTAIR has been extensively studied in various
types of tumors, and results have shown that it is widely involved
in tumor cell proliferation, apoptosis, angiogenesis, invasion, and
metastasis (Gupta et al., 2010; Yang et al., 2018; Zhang J. et al.,
2020). Moreover, emerging evidence confirms that HOTAIR is
also widely involved in the pathogenesis of CNS disorders and
can be a potential diagnostic marker and therapeutic target of
CNS disorders. It has a broad clinical application prospect in the
early diagnosis, efficacy judgment, prognosis prediction, and gene

therapy of CNS disorders (Jin Z. L. et al., 2021; Momtazmanesh
and Rezaei, 2021).

In this review, we outline the mechanisms by which HOTAIR
exerts its regulatory function and summarize its role in the
pathogenesis of ischemic stroke, NDDs, MS, and TBI. Finally, the
potential of HOTAIR as a disease diagnostic biomarker of CNS
disorders is highlighted.

LNCRNA HOTAIR

Human homeobox (HOX) is a 2,158-nt, single-strand gene
transcribed in an antisense manner from the HOXC locus on
chromosome 12q13.13, one of the chromosomal loci of the
clustered HOX genes (HOXA, B, C, and D) (Gupta et al.,
2010). HOTAIR was first discovered by Rinn et al. (2007)
as a special lncRNA that regulates gene expression by trans-
silencing chromatin. The human HOTAIR gene is located in the
intergenic region between HOXC11 and HOXC12 in the HOXC
cluster on chromosome 12 (Li et al., 2017). HOTAIR can recruit
polyclonal repressor complex 2 (PRC2) at the 5′ end to inhibit
the expression of homeobox gene cluster D (Hung and Chang,
2010). Histone modifications are essential for transcriptional
activation, and PRC2 contains the enhancer of Zeste homolog 2
(EZH2), a histone methyltransferase that marks transcriptionally
repressed genes by trimethylation at lysine 27 of histone H3
(H3K27me3) (Duan et al., 2020). HOTAIR binds to GA-rich
motifs in the genome to form a broad domain occupied by PRC2
and subsequently H3K27me3 (Song et al., 2019).

Lysine-specific demethylase 1 (LSD1), a member of the
amine oxidase family, forms a complex with repressor
element 1 silencing transcription factor (REST) corepressor
1 (CoREST1), which acts as a bridge to link LSD1 to REST
to form LSD1/CoREST/REST complex. LSD1/CoREST/REST
complex mediates histone H3 lysine-4 dimethylation (H3K4me2)
demethylation to regulate the transcriptional activity of target
genes. The 3′ end of HOTAIR binds to a compound containing
LSD1 to inactivate gene expression via H3K4me2 (Figure 1).
Overall, HOTAIR has specific bidirectional binding ability, that
is, the 5′-end domain binds to the PRC2 complex, while its
3′-end domain binds to the LSD1/REST/CoREST complex. In
addition, HOTAIR can act as a scaffold to guide PRC2, and
LSD1 forms a complex and mediates the complex to a specific
genomic locus to demethylate the chromosomes H3K27me3
and H3K4me2. Thus, the chromosome is maintained in a closed
state maintaining, and the corresponding downstream genes are
silenced (Tsai et al., 2010).

MECHANISMS OF HOTAIR FUNCTION

HOTAIR plays an important role in the development of CNS
disorders (Table 1). It is closely associated with inflammatory
response, cell apoptosis, oxidative stress, and autophagy.
However, the relevant molecular mechanisms are still unclear.
Here, we summarize the molecular mechanisms related to the
function of HOTAIR.
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FIGURE 1 | Schematic representation of HOTAIR-mediated gene silencing. HOTAIR acts as a molecular scaffold, bridging PRC2 and LSD1 complexes and altering
gene expression by promoting H3K27me3 and H3K4 demethylation (by PRC2 and LDS1, respectively) at the target genes.

AS Competitive Endogenous RNA
Competing endogenous RNAs (ceRNA) hypothesis reveals a
novel mechanism of RNA interaction. MiRNAs are known
to cause gene silencing by binding mRNAs, while ceRNA
can competitively bind miRNAs to regulate gene expression
(Thomson and Dinger, 2016). ceRNA can bind to miRNAs
through miRNA response elements (MREs) to affect miRNA-
induced gene silencing. Recent studies have shown that ceRNA
is an important mechanism for the occurrence and development
of various CNS disorders (Moreno-García et al., 2020; Luo et al.,
2021). Interaction with target sites in the mRNA 3′ UTR can lead
to reduced mRNA stability and translational repression, thereby
regulating RNA gene expression (Amort et al., 2013). Several
studies have shown that HOTAIR is an important ceRNA that
mainly serves as a miRNA sponge in the body (Xu et al., 2016).
In breast cancer (BC), HOTAIR upregulates HMGA2 expression
by competitively binding to miR-20a-5p, resulting in cell growth,
metastasis, and apoptosis (Zhao et al., 2018). HOTAIR also
promotes BC progression and metastasis by serving as a sponge
for miR-129-5p to upregulate FZD7 expression (Wu et al.,
2021). In a rat model of myocardial ischemia-reperfusion injury,
HOTAIR upregulation promoted STAT3 expression, positively
regulating the HOTAIR/miR-17-5p/STAT3 axis (Chen et al.,
2021). In addition, HOTAIR also serves as ceRNA in multiple
CNS disorders, such as Parkinson’s disease (PD) (Zhao et al.,
2020), MS, and TBI (Duan et al., 2018). However, the specific
role of miRNA expression regulation in the pathogenesis of CNS
disorders remains to be further elaborated.

Regulating Inflammatory Response
Sequencing analysis of the HOTAIR-related proteome showed
that HOTAIR activates various proteins containing protein

kinase domains and promotes the enrichment of important
inflammatory signaling pathway proteins and their complexes,
such as I-kappa B kinase complex, tumor necrosis factor
alpha (TNF-α)/nuclear transcription factor-κB (NF-κB) signaling
protein complex and the IKKα-IKKβ complex (Zhao et al., 2021).
In addition, HOTAIR also upregulates the expression of multiple
inflammatory signaling proteins, such as TNF-α and mitogen-
activated protein kinase (Zhuang et al., 2015). For example, in ox-
LDL induction in Raw264.7 cells (in vitro atherosclerosis model),
HOTAIR overexpression reduced the inflammatory response
and by NF-κB pathway by regulating FXR1. This indicated
that HOTAIR may serve as a treatment target for preventing
and treating atherosclerosis (Pang et al., 2018). HOTAIR
knockdown reduced NF-κB target gene expression by inhibiting
NF-κB and related cofactor recruitment at the target gene
promoter in lipopolysaccharide-induced inflammatory response
in macrophages (Obaid et al., 2018). Moreover, HOTAIR may
regulate the gene transcription of key repressors of the NF-
κB activation pathway through epigenetic regulation, thus
participating in the immune escape of glioma cells (Wang et al.,
2021). Therefore, HOTAIR expression may be involved in the
development of CNS disorders by inhibition of inflammatory
responses and release of inflammatory factors.

Regulating Multiple Signaling Pathways
HOTAIR is involved in the regulation of multiple signaling
pathways, especially in tumors. Guo et al. (2018) reported that
upregulated HOTAIR expression activated the Wnt/β-catenin
pathway, an important pathway related to tumor genesis
and development. Further, it promoted cisplatin resistance
via suppression-expression and alters intercellular signal
transduction in lung cancer (Guo et al., 2018). In colorectal

Frontiers in Molecular Neuroscience | www.frontiersin.org 3 June 2022 | Volume 15 | Article 94909537

https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles


fnmol-15-949095 June 18, 2022 Time: 15:12 # 4

Wang et al. HOTAIR in CNS Disorders

TABLE 1 | Role of HOTAIR in CNS disorders.

Neurological
disorders

Animal models/Cell
employed

Regulation Target
genes/Pathway

Potential therapeutic effect References

Ischemic stroke pMCAO C57BL/6
mice/ OGD-injured N2a

Upregulated KLF6/miR-148a-
3p/KLF6 axis and
STAT3 pathway

Inhibit neural cell inflammatory
response and apoptosis,
increase cell viability, decrease
infarcted area and neurological
deficits.

Huang et al.,
2021

OGD/R-induced
hBMVECs

Upregulated EZH2, Bax, caspase-3,
Bcl-2, occludin,
claudin-5, ZO-1,
VE-cadherin

Maintain BBB permeability and
anti-apoptosis

Wang et al.,
2022a

pMCAO ICR mice/
hypoxia induced HT22
cells

Upregulated NOX2 Inhibit cell apoptosis Yang and Lu,
2016

AD HeLa cells/ brain tissue
samples of AD patients

Downregulated CDK5R1/miR-15/107 Reduce Aβ production and Tau
protein hyperphosphorylation

Spreafico et al.,
2018

APP/PS1 mice Upregulated miR-130a-3p Anti-inflammation Lu et al., 2022

Sevoflurane-mediated
SD rats

Upregulated Bdnf Increase BDNF expression in
hippocampus

Wang J. Y.
et al., 2018

ISO-evoked SD
rats/HT22 cells

Upregulated miR-129-5p Reverse the injury of ISO on cell
viability, inflammation,
apoptosis, and oxidative stress

Wang et al.,
2022b

PD MPTP induced
C57BL/6J mice/MPP+

induced SH-SY5Y

Upregulated miR-221-
3p/α-synuclein

Increase cell viability, reduce cell
apoptosis, inhibit inflammatory
cytokines secretion and
oxidative stress reaction

Sun et al., 2022

MPP+ induced
SK-N-SH cells

Upregulated miR-874-5p/ATG10 Anti-autophagy Zhao et al.,
2020

MPTP induced
C57BL/6J mice/MPP+

induced SH-SY5Y

Upregulated miR-326 Inhibit NLRP3 mediated
pyroptosis activation

Zhang Q. et al.,
2021

MPTP induced
C57BL/6J mice/MPP+

induced SH-SY5Y

Upregulated miR-126-5p/RAB3IP Inhibit autophagy and cell
apoptosis

Lin et al., 2019

MPTP-induced
C57BL/6/MPP+-
induced
MN9D

Upregulated miR-221-3p/NPTX2 Inhibit autophagy in the
substantia nigra compacta

Lang et al.,
2020

MPTP-induced
C57BL/6/MPP+-
induced
MN9D

Upregulated SSTR1 Inhibit dopaminergic neuron
apoptosis

Cai et al., 2020

MPTP induced
C57BL/6 mice/MPP+

induced SH-SY5Y

Upregulated LRRK2 Inhibit dopamine neuronal
apoptosis by suppressing
caspase 3 activity

Wang S. et al.,
2017

MPTP induced
C57BL/6 mice/MPP+

induced SH-SY5Y

Upregulated LRRK2 Anti-apoptosis Liu S. et al.,
2016

MS MOG35−55 induced
C57BL/6 mice

Upregulated (VD
deficiency)

NA Immunomodulatory effects Pahlevan
Kakhki et al.,
2018

Cuprizone induced
C57BL/6 mice/

Upregulated miR-136-5p Inhibit microglia activation
promote myelin regeneration

Duan et al.,
2018

TBI Craniotomy C57BL/6
mice

Upregulated MYD88 Inhibit microglia overactivation
and inflammatory factor release
after TBI

Cheng et al.,
2021

AD, Alzheimer’s disease; ATG10, autophagy-related 10; BBB, blood-brain barrier; Bdnf, brain-derived neurotrophic factor; CDK5R1, cyclin-dependent kinase 5 regulatory
subunit 1; EZH2, enhancer of Zeste homolog 2; hBMVECs, human brain microvascular endothelial cells; ISO, isoflurane; LRRK2, leucine-rich repeat kinase 2; MOG,
myelin oligodendrocyte glycoprotein; MS, multiple sclerosis; MYD88, myeloid differentiation factor-88 adaptor protein; NLRP3, NOD-like receptor (NLR) family pyrin
domain-containing protein 3; NOX2, nicotinamide adenine dinucleotide phosphate oxidase oxidases 2; NPTX2, neuronal pentraxin II; OGD, Oxygen–glucose deprivation;
PD, Parkinson’s disease; pMCAO, permanent middle cerebral artery occlusion; RAB3IP, Rab3a interacting protein; SD, Sprague–Dawley; SSTR1, somatostatin receptor
1; TBI, Traumatic Brain Injury; VE, vascular endothelial; ZO-1, zonula occludens-1.
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cancer (CRC), knockdown of HOTAIR inhibited the activation
of Wnt/β-catenin pathway, resulting in inhibited proliferation
and invasion of CRC cells and chemoresistance, suggesting
that the HOTAIR/Wnt/β-catenin pathway may be a potential
therapeutic target in CRC (Xiao et al., 2018).

Meanwhile, although the Wnt/β-catenin pathway was also
found to be involved in the progression and, thus, the poor
prognosis of glioma patients (Kaur et al., 2013), it is unknown
whether HOTAIR plays a role in glioma pathogenesis by
regulating the Wnt/β-catenin pathway. The phosphoinositide-
3-kinase (PI3K)/AKT/mammalian target of rapamycin (mTOR)
pathway plays a crucial role in the malignant transformation of
human tumors and their subsequent proliferation and metastasis
(Mabuchi et al., 2015). HOTAIR upregulation was identified in
an ovarian cancer cell model, and it was found to increase tumor
progression and promote tumor aggressiveness and metastasis
via activation of the PI3K/AKT/mTOR pathway (Dong and Hui,
2016). Moreover, HOTAIR promoted the development of glioma
and the expression of fibroblast growth factor 1 (FGF1), which
promotes tumorigenesis by activating the PT3K/AKT pathway
tumorigenic function (Hadari et al., 2001). However, aside from
glioma, the role of HOTAIR in the pathogenesis, development,
and prognosis of other CNS disorders through the regulation of
more signaling pathways has not been clearly explained.

Cell Cycle–Associated Gene Regulation
Studies have shown that HOTAIR knockdown in different tumor
cells could affect EZH2-dependent cell cycle expression and
induce cell cycle arrest (Kogo et al., 2011; Zhou et al., 2015).
Gupta et al. (2010) was the first to report that in BC, two tumor
suppressor genes (i.e., p21 and p16), which blocked cell cycle
transition from G1 phase to S phase, are direct target genes of
HOTAIR by chromatin immunoprecipitation. In glioblastoma
studies, interference of HOTAIR expression in U87 and U87
VIII cells induced G1 phase arrest and increased expression of
RB and dephosphorylated RB (Zhou et al., 2015). As RB is at
the core of the G1 cell cycle regulation network, several growth
factors (e.g., platelet-derived growth factor and epidermal growth
factor) bind with their corresponding receptors to promote cyclin
transcription. Activated cyclin and cyclin-dependent kinases
(CDKs) form a complex to dephosphorylate RB, which can affect
the transcription activity of the E2F family. The downstream
transcription target genes of the E2F family, including B-Myb,
c-Myc, and CDC2, are all essential proteins for the G1/S phase
transition of cell cycle (Ertosun et al., 2016). The above results
show that p16/P21 is activated after HOTAIR expression, and the
regulatory network of cyclin D1→RB→E2F1 in tumor cells is
blocked individually. Further, rapid passage of cell cycle from the
G1 phase is eliminated, resulting in cell cycle arrest. Therefore,
HOTAIR can be used as a candidate target for inhibiting the
tumor cell cycle evolution. However, whether HOTAIR plays
a role in CNS disorders by regulating cell cycle remains to be
further determined.

Regulating Protein Ubiquitination
HOTAIR acts as a platform for protein ubiquitination, helping
assemble E3 ubiquitin ligases to bind to their respective

substrates, promoting ubiquitination of the complex and
accelerating its degradation. Mex3b and Dzip3 are E3
ubiquitin ligases with specific RNA-binding domains that
bind HOTAIR. Mex3b exists in the nucleus and cytoplasm,
and the corresponding ubiquitination substrate is Snurportin-1
protein. Dzip3, however, exists only in cytoplasmic vesicles and
promotes the ubiquitination of Ataxin-1 protein (Yoon et al.,
2013). Mex3b acts as E3 ubiquitin ligase in HOTAIR-induced
degradation of Runt-related transcription factor 3 (Runx3), and
silencing HOTAIR or Mex3b attenuates Runx3 degradation.
Therefore, the interaction between HOTAIR and Mex3b can
induce the ubiquitination of Runx3 protein and enhance the
invasion ability of gastric cancer cells, and providing a potential
therapeutic target for gastric cancer metastasis (Xue et al.,
2018). HOTAIR binds to the androgen receptor (AR) protein to
block its interaction with the E3 ubiquitin ligase murine double
minute 2, thereby preventing AR ubiquitination and protein
degradation and contributing to castration-resistant prostate
cancer (Zhang et al., 2015). However, there are few studies on
HOTAIR regulation of protein ubiquitination, and the role of
HOTAIR in the ubiquitination process of different proteins in
CNS disorders still needs to be further studied.

HOTAIR INVOLVEMENT IN
PATHOGENESIS OF CENTRAL NERVOUS
SYSTEM DISORDERS

Dysregulated HOTAIR expression has been found in various
pathological processes, including in CNS disorders (Figure 2).
However, the specific mechanism of HORAIR involvement
in the pathogenesis of CNS disorders is still controversial.
HOTAIR may exert diverse functions in modulating pathological
processes in different types of CNS disorders. In this part, we
elucidated important evidence for understanding the crucial roles
of the HOTAIR functional network in signaling pathways and
identifying new diagnostic biomarkers, as well as therapeutic
targets for CNS disorders (e.g., ischemic stroke, Alzheimer’s
disease (AD), PD, MS, and TBI).

HOTAIR in Ischemic Stroke
Stroke is one of the leading causes of death and disability
worldwide, with ischemic stroke accounting for approximately
87% of all strokes (Bao et al., 2018). An ischemic stroke is mainly
caused by a sudden stop of blood flow to the brain, which reduces
the supply of oxygen and glucose to brain cells (Wang S. W.
et al., 2018). Patients with ischemic stroke may present with
varying neurological deficits, such as limb paralysis, language
impairment, ataxia, and paresthesia (Balch et al., 2020). Diabetes,
hypertension, high cholesterol, smoking, alcohol abuse, atrial
fibrillation, and other factors are contribute to the risk of ischemic
stroke (Koh and Park, 2017). However, current measures to
protect the brain from ischemic stroke remain suboptimal
(Satani and Savitz, 2016). Therefore, studies on the underlying
mechanisms of ischemic brain injury are urgently needed.

HOTAIR expression is significantly elevated in permanent
middle cerebral artery occlusion (pMCAO) mice, and this

Frontiers in Molecular Neuroscience | www.frontiersin.org 5 June 2022 | Volume 15 | Article 94909539

https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles


fnmol-15-949095 June 18, 2022 Time: 15:12 # 6

Wang et al. HOTAIR in CNS Disorders

FIGURE 2 | Overexpressed HOTAIR is involved in the pathogenesis of CNS disorders by sponging miRNAs, inducing apoptosis, promoting microglia activation and
neuroinflammation, enhancing oxidative stress, and inhibiting Bdnf transcription. (i) Parkinson’s disease: HOTAIR acts as competing endogenous RNA by sponging
miR-211-3p, miR-874-5p, miR-326, and miR-126-5p. HOTAIR also induces apoptosis by inhibiting SSTR1 or promoting LRRK2 expression. (ii) Ischemic stroke:
Overexpressed HOTAIR acts as competing endogenous RNA by sponging miR-148a-3p to upregulate STAT3; promoting microglia activation and the release of
pro-inflammatory factors; and upregulating EZH2, also a pathway regulated by HOTAIR to activate microglia. HOTAIR promotes apoptosis by upregulating Bax,
Caspase-3, and NOX2, as well as by downregulating Bcl-2 expression. (iii) Alzheimer’s disease: Overexpressed HOTAIR acts as competing endogenous RNA by
sponging miR-15/107, miR-130a-3p, and miR-129-5p to promote apoptosis, oxidative stress, and neuroinflammation. HOTAIR is also involved in the pathogenesis
of AD by inhibiting Bdnf transcription. (iv) Multiple sclerosis: Overexpressed HOTAIR sponges miR-136-5p to promote microglia activation, release of TNF-α and
IFN-γ, and upregulate c-Myc expression. (v) Traumatic brain injury: Overexpressed HOTAIR inhibits MYD88 ubiquitination to repress microglial activation. Red and
green fonts represent high and low expression, respectively.

is accompanied with increased infarcted area, apoptosis of
neural cells, and exacerbation of neurological deficits (Huang
et al., 2021). Silencing HOTAIR expression reversed the above
ischemic injury induced by cerebral artery occlusion, decreased
pro-inflammatory factors (TNF-α and IL-6), and inhibited
the apoptosis of neural cells. Increased HOTAIR expression
was also observed in oxygen–glucose deprivation (OGD)-
injured N2a cells. In addition, HOTAIR silencing markedly
increased cell viability and reduced apoptosis rate and pro-
inflammatory factors, indicating that HOTAIR suppression may
exert protective roles in ischemic and hypoxic neural cells via
anti-inflammation and anti-apoptosis. HOTAIR may also act as a
ceRNA to impose posttranscriptional regulation (Liu et al., 2014).

miR-148a-3p was downregulated in OGD-injured N2a cells.
In addition, as a target of HOTAIR, KLF6 is important in
modulating inflammation and immune responses (Syafruddin
et al., 2020). Upregulated KLF6 expression was found in
ischemia/reperfusion (I/R) injury (Zhang Y. et al., 2020).
Downregulated KLF6 expression promoted cell viability,
decreased apoptosis, and repressed inflammatory response.
HOTAIR silencing downregulated KLF6 expression by sponging
miR-148a-3p; thus, modulating HOTAIR expression may protect
I/R injured cells via the miR-148a-3p/KLF6 axis. KLF6 inhibited

the expression of anti-inflammatory genes by suppressing
STAT3 signaling (Chen et al., 2018). Activation of the STAT3
pathway promoted microglia/macrophage polarization toward
an anti-inflammatory phenotype and ameliorated brain damage
(Liu et al., 2019). HOTAIR silencing could activate the STAT3
pathway to protect against cerebral I/R injury and promote
neurological recovery after ischemic stroke by downregulating
KLF6 expression (Huang et al., 2021).

HOTAIR expression was also upregulated in an in vitro model
of OGD/R injury. HOTAIR silencing reduced endothelial cell
permeability and increased the expression of occludin, claudin-5,
zonula occludens-1, and VE-cadherin in OGD/R-treated human
brain microvascular endothelial cells. Moreover, HOTAIR
knockdown significantly decreased the expression levels of
the apoptosis-related proteins Bax and cleaved caspase-3 and
significantly increased those of Bcl-2. Therefore, maintenance of
the blood-brain barrier (BBB) structure and anti-apoptosis effects
were the main cytoprotective mechanism of HOTAIR. EZH2 is a
histone methyltransferase that has been shown to be involved in
I/R injury (Jin D. et al., 2021). Inhibition of microglia activation
and inflammatory response by EZH2 knockdown was one of
the mechanisms by which it exerted its neuroprotective effect in
hypoxic-ischemic brain injury (Xue et al., 2019). HOTAIR has
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been documented to be an EZH2-binding lncRNA, regulating
EZH2 expression and recruiting EZH2 to MYC promoter sites
(Wang Y. et al., 2018). EZH2 expression was significantly
upregulated in OGD/R-treated cells, and EZH2 overexpression
attenuated the effects of HOTAIR knockdown on cell viability,
BBB permeability, and cell apoptosis. Wang et al. (2022a)
reported that a positive association between HOTAIR and EZH2
expression could be an underlying mechanism in the pathology
of I/R injury, and HOTAIR mediated OGD/R-induced cell injury
in an EZH2-dependent manner (Wang et al., 2022a).

Similar conclusions were obtained by Yang et al., showing that
HOTAIR expression was significantly increased in pMCAO mice.
In addition, high HOTAIR expression promoted the onset of
ischemic infarct and cell apoptosis, whereas HOTAIR silencing
attenuated hypoxia-induced apoptosis of HT22 cells. Further
study on the specific mechanisms suggested that the expression
of nicotinamide adenine dinucleotide phosphate oxidase oxidase
2 (NOX2) might be involved in the apoptosis regulated by
HOTAIR. NOX2, as a key part of the electron transport chain,
plays an important role in the plasma membrane (Lambeth
et al., 2000). NOX2 has been shown to be a major inducer
of stroke, and deletion of the Nox2 gene significantly reduced
infarct size after I/R treatment in mice (Kahles et al., 2007). In
pMCAO mice, NOX2 expression was obviously increased, and
NOX2 overexpression promoted HT22 cell apoptosis, but this
was reversed by HOTAIR knockdown. Thus, it is speculated that
HOTAIR may bind to NOX2, and HOTAIR silencing may be a
treatment approach in ischemic stroke by downregulating NOX2
expression (Yang and Lu, 2016).

Altogether, these findings suggest that elevated HOTAIR
expression may be involved in the pathogenesis of ischemic
stroke, and silencing HOTAIR may play a therapeutic role
in ischemic stroke through anti-inflammatory, anti-apoptotic,
ceRNA, and other mechanisms. However, the exact mechanism
of HOTAIR involvement in ischemic stroke needs to be further
clarified to develop targeted therapies for ischemic stroke.

HOTAIR in Alzheimer’s Disease
Alzheimer’s disease is the leading cause of dementia worldwide,
inducing progressive impairment of cognitive function that
seriously affects daily life (Liu, 2022). After age 65 years, the
incidence of AD approximately doubles every 5 years, and
50% of the population aged ≥ 85 years has AD (Winblad
et al., 2016). Currently, more than 30 million people worldwide
have AD (Saez-Atienzar and Masliah, 2020). AD is often
associated with other human pathologies making the treatment
difficult (Surguchov, 2020). Multiple mechanisms are involved
in the pathogenesis of AD, but it is characterized by two
hallmark pathological features: β-amyloid (Aβ) plaque deposition
and neurofibrillary tangle accumulation. However, because the
etiology and pathogenesis of AD are yet to be fully elucidated,
there is currently no effective treatment modality (Hou et al.,
2019). Therefore, new therapeutic strategies need to be explored
in both preclinical and clinical studies.

Cyclin-dependent kinase 5 (CDK5) is a proline-directed
serine/threonine kinase involved in several developmental and
physiological processes in the CNS (McLinden et al., 2012).

Abnormal kinase activity is thought to play an important role
in AD pathogenesis (Wang J. Z. et al., 2007). Particularly,
CDK5 has been thought to exacerbate the development of two
major pathological features of AD by inducing Aβ production
and mediating Tau protein hyperphosphorylation (Liu S. L.
et al., 2016). CDK5 activity depends on the activation of the
p35 regulatory subunit and is related to its activation quantity.
P35 is encoded by the cyclin-dependent kinase 5 regulatory
subunit 1 (CDK5R1) gene, which has a highly conserved 3′
UTR. This indicates that post-transcriptional regulation plays a
crucial role in controlling CDK5R1 expression (Zuccotti et al.,
2014). miR-15/107 expression is downregulated, while CDK5R1
mRNA expression is upregulated in the hippocampus and
cerebral cortex of AD patients, suggesting that miR-15/107 may
be involved in the negative regulation of CDK5R1 expression
(Moncini et al., 2017). lncRNAs may be provide another layer of
complexity in the regulation of CDK5R1 expression associated
with AD pathogenesis, a hypothesis proposed by Spreafico et al.
(2018) In a HeLa cell model, the researchers identified that
HOTAIR negatively regulated CDK5R1 expression through a
positive action on miR-15/107. The result was also confirmed
in AD patients, that is, HOTAIR is downregulated in the
hippocampus and cerebellum. Therefore, upregulated HOTAIR
expression may inhibit AD pathogenesis by regulating the
p35/CDK5R1/CDK5 axis and reducing Aβ production and Tau
protein hyperphosphorylation (Spreafico et al., 2018).

Regular physical exercise is confirmed to inhibit cognitive
degeneration in AD patients (Lu et al., 2022). In APP/PS1
mice, voluntary exercise (VE) improves cognitive function
evaluated using the Morris water maze test. In addition,
VE reduced the level of HOTAIR in hippocampal tissues of
APP/PS1 mice and helped inhibit inflammation. Conversely,
HOTAIR overexpression counteracted the protective effect
of VE on cognitive function and promoted the release of
inflammatory factors (IL-1β, IL-6, and TNF-α), suggesting
that HOTAIR may promote AD by promoting inflammatory
response. Therefore, the HOTAIR/miR-130a-3p axis may be
involved in the pathological mechanism of AD through the
inflammatory response, and thus, inhibiting HOTAIR expression
may be a feasible therapeutic strategy for AD. Further exploration
of the mechanisms by which HOTAIR regulates the inflammatory
response via miR-130a-3p sponging is needed.

Inhibition of HOTAIR expression also rescued sevoflurane-
mediated brain function impairment in rats. Sevoflurane induces
neuronal apoptosis, and the resulting neurotoxicity is thought
to be one of the causes of cognitive impairment and AD
in elderly patients (Brosnan and Bickler, 2013). A possible
mechanism by which sevoflurane causes cognitive impairment
is through impaired transcription of mRNA encoding brain-
derived neurotrophic factor (Bdnf ) (Stiegler and Tung, 2014).
Bdnf mRNA levels in the hippocampus of rats were significantly
reduced after sevoflurane treatment. In the study by Wang
et al., decreased Bdnf expression after sevoflurane treatment
was mediated by HOTAIR lncRNA, as indicated by Bdnf
expression coming close to normal after siRNA intervention for
HOTAIR. Thus, HOTAIR inhibition may exert a role in the
treatment of AD through upregulation of Bdnf transcription
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(Wang J. Y. et al., 2018). Similar conclusions were found by
Wang et al.; in their isoflurane (ISO)-evoked HT22 cell
model, downregulated HOTAIR expression contributed to the
recovery from abnormal viability, apoptosis, inflammation,
and oxidative stress through miR-129-5p regulation. miR-
129-5p as a ceRNA of HOTAIR mediated its impact on
cognition and oxidative stress in the ISO-injured SD rat model
(Wang et al., 2022b).

Collectively, in vitro and in vivo studies reported that
HOTAIR was highly expressed in AD models. Inhibition
of HOTAIR expression may exert anti-AD effects through
various mechanisms, including anti-inflammatory response,
anti-apoptosis, and oxidative stress. In-depth studies on the
mechanism of HOTAIR in the pathogenesis of AD are needed
to develop therapeutic strategies for AD.

HOTAIR in Parkinson’s Disease
As the second most common neurodegenerative disease after
AD, PD has a high incidence rate (Spatola and Wider, 2014).
In Europe, the prevalence and incidence rates of PD are
approximately 108-257/100 000 and 11-19/100 000 per year,
respectively (Balestrino and Schapira, 2020). Further, PD is
prevalent in 1.37% of people aged over 60 years. In China,
the incidence of PD is as high as 3.62 million (Qi et al.,
2021). With the aging of the population, the incidence of PD
is expected to double in the next 20 years (Chen, 2010). PD
is characterized by static tremor, bradykinesia, stiffness, and
other symptoms that reduce quality of life, culminating in severe
disability due to inability to control motor function (Ma C. L.
et al., 2014). PD is mainly caused by the degeneration and loss of
dopaminergic neurons in the substantia nigra and the significant
decrease of dopamine content in the striatum (Zhang W. S.
et al., 2021). Studies have shown that the pathogenesis of PD
includes α-synuclein misfolding and aggregation, mitochondrial
dysfunction, protein clearance disorder, neuroinflammation, and
oxidative stress (Jankovic and Tan, 2020). In addition, genetic
factors such as mutations in genes encoding leucine-rich repeat
kinase 2 (LRRK2) and GBA are common genetic risk factors for
familial and sporadic PD (Riboldi and Di Fonzo, 2019; Jeong and
Lee, 2020).

The complex etiology of PD poses an urgent need to identify
a useful therapeutic target (Surguchov, 2022). HOTAIR was
highly expressed in in vitro and in vivo models of PD, and
downregulated HOTAIR increased cell viability and reduced cell
apoptosis and inhibited the secretion of inflammatory cytokines
and oxidative stress reaction. As a presynaptic neuronal protein,
α-synuclein is a key factor in the pathogenesis of PD (Shahnawaz
et al., 2020). Prevention of α-synuclein aggregation and reduction
of its neurotoxicity could be a potential approach to improve
the pathogenesis of PD (Fayyad et al., 2019). Sun et al. (2022)
found a HOTAIR/miR-221-3p/α-synuclein signaling axis in a
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-hydrochloride
(MPTP)-induced mouse model of PD. Further, miR-221-3p can
directly bind to HOTAIR and α-synuclein. As a ceRNA, HOTAIR
regulates α-synuclein expression by sponging miR-221-3p
(Sun et al., 2022). Therefore, overexpressed HOTAIR may be
a pathogenic factor of PD, and HOTAIR inhibition reduced

α-synuclein aggregation and toxicity in PD models, suggesting
the potential therapeutic value of HOTAIR in PD.

Similarly, high HOTAIR expression was also observed in
MPP+-induced SK-N-SH cell models. Impairment of autophagy
has been reported to be involved in the pathogenesis of PD
(Lu et al., 2020). Autophagy initiation requires the expression
of autophagy-related 10 (ATG10) (Song et al., 2017). Zhao
et al. (2020) identified a regulatory axis in HOTAIR/miR-874-
5p/ATG10, and highly expressed HOTAIR increased ATG10
expression by sponging miR-874-5p, indicating the HOTAIR
was involved in PD by enhancing autophagy. miR-326 has been
reported to suppress inducible nitric oxide synthase expression
and promote autophagy of dopaminergic neurons (Zhao et al.,
2019) in PD. In addition, it was also a target of HOTAIR. In a
mice model of PD, HOTAIR silencing repressed neuronal damage
by inhibiting NOD-like receptor family pyrin domain-containing
protein 3-mediated pyroptosis activation via regulation of miR-
326 (Zhang Q. et al., 2021).

The Rab3a interacting protein (RAB3IP) regulates neurite
growth and spinal cord development, suggesting that RAB3IP
plays a regulatory role in neurons (Ren et al., 2018). RAB3IP
has been confirmed to inhibit the autophagy of mammalian cells
through its non-conservative C-terminal region, and autophagy
impairment leads to the loss of age-related dopaminergic
neurons, corresponding to the loss of dopamine in the striatal
body and the accumulation of α-synuclein (Amagai et al.,
2015). Lin et al. (2019) found that RAB3IP expression was
upregulated in a PD mouse model, and downregulated RAB3IP
expression suppressed autophagy and cell apoptosis. They
further suggested that HOTAIR knockdown inhibited RAB3IP
expression by acting as a ceRNA for miR-126-5p (Lin et al.,
2019). Furthermore, HOTAIR downregulation also potentially
inhibited the autophagy of dopaminergic neurons in the
substantia nigra compacta. Mechanistically, HOTAIR can affect
the expression of neuronal pentraxin II by sponging miR-221-3p
(Lang et al., 2020). Therefore, HOTAIR may serve as a potential
therapeutic target in PD.

High HOTAIR expression can accelerate the progression
of dyskinesia in PD. In a PD cell model, HOTAIR bound
to the promoter region of somatostatin receptor 1 (SSTR1),
leading to increased methylation of SSTR1 by recruiting DNA
methyltransferases. Notably, in a MPTP-induced PD mouse
model, overexpressed HOTAIR stimulated DNA methylation
of SSTR1 to reduce SSTR1 expression, thereby accelerating
dyskinesia and facilitating dopaminergic neuron apoptosis (Cai
et al., 2020). LRRK2 gene mutations have been widely recognized
as the most common cause of dominantly inherited PD and one
of the risk factors for sporadic PD (Tolosa et al., 2020). Several
studies demonstrated that repression of LRRK2 kinase activity
was a potential therapeutic strategy for the treatment of PD
(Blanca Ramírez et al., 2017). A regulatory relationship between
HOTAIR and LRRK2 mRNA was observed in a PD cell model,
and Liu S. et al. (2016) found HOTAIR overexpression increased
the stability of LRRK2 mRNA and upregulated its expression
in MPP+-induced SH-SY5Y. In addition, HOTAIR knockdown
provided protection against MPP+-induced dopamine neuronal
apoptosis by suppressing caspase 3 activity (Wang S. et al., 2017).
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In summary, in vivo and in vitro models of PD showed
enhanced expression of HOTAIR, and high HOTAIR expression
promoted the occurrence and development of PD. Inhibited
HOTAIR expression mainly exerted a therapeutic effect on
PD by regulating the expression of target miRNAs and
downstream genes at the post-transcriptional level. The possible
neuroprotective mechanisms included anti-inflammatory, anti-
oxidant stress, inhibition of autophagy, and anti-apoptotic effects.
Moreover, the direct regulation of key pathogenic genes of PD
(LRRK2) was also one of the important mechanisms by which
HOTAIR was involved in the pathogenesis of PD. Therefore,
inhibition of HOTAIR levels may be an effective disease-
modifying strategy in PD.

HOTAIR in Multiple Sclerosis
Multiple sclerosis (MS) is an autoimmune disease with an
increasing incidence worldwide (Browne et al., 2014). Complex
gene-environment interactions play an important role in the
pathogenesis of MS, but the underlying causes and mechanisms
behind the increase in MS incidence remain unclear (Lemus
et al., 2018). The current results suggest that adverse lifestyle
and changes in the human body environment can lead to
the activation of peripheral immune cells. These cells secrete
inflammatory factors to infiltrate the CNS, leading to glial
proliferation, myelin demyelination, and secondary axonal injury
(Dobson and Giovannoni, 2019). Epidemiological studies on MS
suggest that low serum vitamin D (VD) level, smoking, childhood
obesity, and Epstein-Barr virus infection may be involved in
the occurrence of the disease (Wang et al., 2020). Clinically,
MS is primarily manifested as sensory disturbances, autonomic
nervous dysfunction, and ataxia (Kamińska et al., 2017).

Clinical studies have shown that microglia activation is
associated with disease severity in MS patients (Rothhammer
et al., 2018). Microglia is directly involved in cuprizone-induced
demyelination by producing pro-inflammatory cytokines
including TNF-α and interferon-γ (Klein et al., 2018). In
cuprizone-induced demyelination, HOTAIR expression was
upregulated, and this promoted microglia transformation into
a pro-inflammatory M1-like phenotype and release of pro-
inflammatory factors by regulation of miR-136-5p expression.
Duan et al. (2018) proved that sulfasalazine inhibited M1
polarization of microglia and release of inflammatory factors by
inhibiting HOTAIR expression, promoting myelin regeneration.
This suggests that inhibition of HOTAIR expression is a potential
approach in the treatment of MS (Duan et al., 2018).

MS is a complex disease that may be caused by the
interaction between genetic and environmental risk factors, with
VD deficiency considered to be the main cause (Hernández-
Ledesma et al., 2021). Although the molecular mechanisms
of VD protection in MS are not fully understood, the
immunomodulatory properties of VD may be crucial in
mediating its effects. For example, VD supplementation in
patients with MS has been shown to regulate cytokine production
and T-cell proliferation (Shirvani-Farsani et al., 2017). VD
has also been reported to regulate HOTAIR expression (Jiang
and Bikle, 2014; Riege et al., 2017). The exact mechanism by
which VD regulates HOTAIR expression in MS remains unclear.

However, a possible mediator is the c-Myc factor, which has been
shown to regulate the effects of VD (Piek et al., 2010) and activate
HOTAIR expression (Ma M. Z. et al., 2014). Pahlevan Kakhki
et al. (2018) found that HOTAIR expression was dysregulated
in both MS patients and animal models and was correlated with
immune-activated sites. The role of HOTAIR in the pathogenesis
of MS is still unclear, but it is speculated that HOTAIR might
play a role in CNS-related processes (e.g., myelination) through
various epigenetic mechanisms, including histone modification,
chromatin remodeling, and miRNA regulation. These speculated
mechanisms are consistent with the known immunomodulatory
and neuroprotective effects of VD (Pahlevan Kakhki et al., 2018).

HOTAIR in Traumatic Brain Injury
Traumatic brain injury is characterized by high disability and
mortality; however, there is currently no effective treatment
modality for TBI (Stein et al., 2010). It can usually be divided
into primary and secondary injuries (Najem et al., 2018).
Neuroinflammation is a hallmark of TBI and includes activation
of resident glial cells (microglia and astrocytes), recruitment of
immune cells, and release of inflammatory mediators in the
brain (Simon et al., 2017). Abnormal activation of microglia
and excessive release of inflammatory factors play an important
role in secondary injury of TBI, and these mechanisms hinder
nerve injury repair post-TBI (Lee et al., 2019). Many studies
have shown that inhibition of TBI-induced microglial activation
and neuroinflammatory response is beneficial for improving
TBI (Corrigan et al., 2016; Kumar et al., 2017). Therefore, it
is important to explore strategies to alleviate TBI by inhibiting
microglial activation and inflammatory factor release.

HOTAIR is significantly upregulated in activated microglia
of TBI mice, and silencing HOTAIR could inhibit microglial
activation and reduce the release of IL-1β, IL-6, and TNF-α.
Cheng et al. (2021) further explored the regulatory mechanism
of HOTAIR on microglia activity and found that HOTAIR
may directly inhibit microglia activation by binding myeloid
differentiation factor-88 adaptor protein (MYD88). MYD88 is a
crucial linker molecule in the toll-like receptor signaling pathway,
and its expression is significantly upregulated in TBI mice.
Downregulated MYD88 expression can improve TBI by reducing
microglial activation (Zhu et al., 2014; Leite et al., 2015). Nrdp1,
a member of the E3 ubiquitin ligase family, can downregulate
the protein level of MYD88 by mediating MYD88 ubiquitination
(Wang et al., 2009). Cheng et al. (2021) explored the effect
of HOTAIR on microglia activation in TBI mice and found
that overexpression of HOTAIR stabilized MYD88 by inhibiting
Nrdp1-mediated MYD88 ubiquitination, preventing microglia
overactivation and inflammatory factor release after TBI and
improving prognosis (Cheng et al., 2021).

DIAGNOSTIC AND PROGNOSTIC
SIGNIFICANCE OF HOTAIR IN CENTRAL
NERVOUS SYSTEM DISORDERS

Early diagnosis is crucial for the treatment and prognosis of
CNS disorders, but current diagnostic methods are inadequate

Frontiers in Molecular Neuroscience | www.frontiersin.org 9 June 2022 | Volume 15 | Article 94909543

https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles


fnmol-15-949095 June 18, 2022 Time: 15:12 # 10

Wang et al. HOTAIR in CNS Disorders

for early diagnosis of CNS disorders. Therefore, it is important
to improve diagnostic methods and develop highly specific and
sensitivity biomarkers. lncRNA is expressed in various tissues;
although the expression level is lower than that of protein-coding
genes, its tissue specificity is much higher (Pan et al., 2018). This
gives it potential advantages as a biological marker with highly
specific diagnostic functions. Abnormal expression of lncRNAs
not only exist in tissues and cells, but also in various body
fluids, including blood, urine, saliva, and gastric juice (Sartori and
Chan, 2014). In addition, lncRNAs remain stable in circulating
plasma even in the presence of ribonuclease (Ren et al., 2013).
However, the mechanism by which circulating lncRNAs are
secreted into the blood and stably exists has not been fully
elucidated. Exosomes can better protect plasma lncRNAs against
the degradation of ribonucleases. Under pathological conditions,
cells can selectively load lncRNAs into exosomes, resulting in
high specificity for disease diagnosis (Gezer et al., 2014).

HOTAIR has been reported to contribute to the pathogenesis
of MS both in animal models and in human studies. In addition,
it might also be a risk locus of MS. Taheri et al. (2020) genotyped
three single-nucleotide polymorphisms (SNPs) in HOTAIR,
namely, rs12826786, rs1899663, and rs4759314, in Iranian MS
patients and healthy subjects and found that rs4759314 SNP was
associated with the risk of MS in an allelic model [OR (95%
CI) = 1.34 (1.08–1.67)]. This suggested that HOTAIR might be
a risk locus for MS in the Iranian population (Taheri et al.,
2020). Soltanmoradi et al. (2021) enrolled 60 RRMS patients (30
patients with relapse, 30 patients with remission) to evaluate
the diagnostic value of HOTAIR in MS patients. The results
showed higher levels of HOTAIR in relapse patients than in
remission patients. Moreover, there was a positive correlation
between high HOTAIR expression and increased levels of matrix
metalloproteinases 9 in peripheral blood mononuclear cells
of MS patients with relapse. Further, the receiver operating
characteristic analysis showed the potential of HOTAIR (area
under the curve: 0.87; sensitivity: 83%; specificity: 80%) as
biomarkers for distinguishing between relapse and remission
phases of RRMS (Soltanmoradi et al., 2021).

Currently, there are only few studies on HOTAIR as a
diagnostic marker of CNS disorders, and these studies remain
at the level of HOTAIR expression. Research on its regulation
mechanism is limited, and thus, HOTAIR cannot be directly
applied in clinical practice. However, with the development
of body fluid detection, in the context of precision medicine,
lncRNA measurement has become a conducive method for
accurate diagnosis and development of individualized prevention
and treatment plans (Kumar and Goyal, 2017; He et al., 2021).
Compared with traditional diagnostic markers of CNS disorders,
lncRNA has higher specificity and sensitivity (Chandra Gupta
and Nandan Tripathi, 2017), and thus, it is expected to become
a new biological indicator for the diagnosis of CNS disorders.

CONCLUSION

In conclusion, recent studies have shown that HOTAIR is
involved in the occurrence and development of several CNS
disorders and may be a potential biomarker for disease diagnosis
and prognosis. In vitro and in vivo studies have shown that
inhibition of HOTAIR expression can play a therapeutic role in
CNS disorders through multiple mechanisms, suggesting it may
be a potential therapeutic target for CNS disorders.
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INTRODUCTION

A small family of NF-kB (p50/p65)-regulated microRNAs (miRNAs) has been identified and
partially characterized in Alzheimer’s disease (AD) brain in the hippocampal CA1 and temporal
lobe neocortical regions, and in reactive oxygen species (ROS)-, cytokine interleukin 1-beta (IL-
1β)-, amyloid beta 42 (Aβ42) peptide- and/or lipopolysaccharide (LPS)-stressed human neuronal-
glial (HNG) cells in primary co-culture. This microRNA family currently includes miRNA-9,
miRNA-30b, miRNA-34a, miRNA-125b, miRNA-146a and miRNA-155. Other brain-enriched
miRNA species may be involved. Experimental evidence suggests that in neurological diseases,
the upregulation of this small pro-inflammatory miRNA family orchestrates a pathogenic gene
expression program that can explain many aspects of AD onset, and propagation and severity of
the disease including failure of microglial-mediated clearance of amyloid-beta (Aβ) and other end-
stage peptides from brain cells, amyloidogenesis, astrogliosis, deficits in neurotropism, neuronal
cell atrophy, and downregulation in the production of essential cytoskeletal components and
synaptic signaling elements. This opinion article will contribute to the interpretation of the
most recent findings in the current research area involving NF-kB-regulated miRNA-mediated
signaling pathways, and how this information may aid in the advancement of therapeutic strategies
for more effective clinical management of AD and other progressive age-related and lethal
neurodegenerative disorders.

ALZHEIMER’S DISEASE (AD): EPIDEMIOLOGY AND BASIC
FEATURES

AD is a slowly developing, irreversible, progressive, and inflammatory neurodegeneration of the
human brain, central nervous system (CNS), and neural vasculature (Alzheimer et al., 1995; Lane
et al., 2018; Trejo-Lopez et al., 2021). Due in part to the aging population and demographics, the
global incidence and prevalence of AD are sharply increasing, and AD currently represents the
largest single cause of age-related memory impairment and behavioral and cognitive decline in
Westernized societies. Current estimates put the global incidence of AD at about ∼55 million, and
this number is expected to reach epidemic proportions and rise to about∼150 million cases by the
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year 2050 (Tahami Monfared et al., 2022; https://alz-journals.
onlinelibrary.wiley.com/doi/full/10.1002/alz.12638; https://
www.alz.org/media/documents/Alzheimers-facts-and-figures.
pdf; https://www.Alzint.org/about/dementia-facts-figures/
dementia-statistics/last accessed 13 June 2022). AD places a
tremendous socioeconomic burden on caregivers and on the
healthcare system as a whole. Despite ∼115 years of intense
and directed research, no effective treatment or cure for AD
exists, although many insights into the molecular-genetic nature
of this age-related disease have been established (Alzheimer
et al., 1995; Kaur et al., 2015; Lane et al., 2018; Dong et al.,
2021; Hermans et al., 2021; Trejo-Lopez et al., 2021; Liu et al.,
2022; Olufunmilayo and Holsinger, 2022; Pogue et al., 2022;
Rastegar-Moghaddam et al., 2022; Singh et al., 2022; Tahami
Monfared et al., 2022; Yoon et al., 2022). As a devastating,
inflammatory, and terminal neurodegenerative disorder, one
molecular genetic component that has emerged at the forefront
of current AD research is the DNA-binding element NF-kB,
probably the single most important transcription factor yet
identified in the complex neuropathology of AD. This opinion
article will address some recently described effects of NF-
kB on a small family of regulatory miRNAs observed to be
significantly altered in abundance, complexity and speciation in
AD-affected brain.

NF-κB-SENSITIVE microRNAS AND
INFLAMMATORY SIGNALING IN
ALZHEIMER’S DISEASE (AD)

Discovered about∼36 years ago, the heterodimeric transcription
factor NF-kB (p50/p65) was first described as a rapidly
inducible nuclear factor κ-light-chain transcription enhancer of
activated B cell lymphocytes in part responsible for the humoral
immunity component of the immune system (Sen and Baltimore,
1986; Kaltschmidt et al., 1993; Taganov et al., 2006). Since
then, recognition sites for this redox-controlled transcriptional
activator and DNA-binding protein have been found to occur
in multiple gene promoters, and it is now known to drive
a broad range of gene expression patterns in diverse cellular
types involved in host innate- and adaptive-immune functions
with important roles in the clearance of waste molecules
from the cytoplasm, inflammatory signaling, differentiation, cell
growth, tumorigenesis and neurodegeneration (Taganov et al.,
2006; Zhang et al., 2017; Baltimore, 2019). In resting cells the
pre-formed NF-kB (p50/p65; 115 kDa) heterodimer is bound
to a hydrophobic inhibitory kappa B protein (IkB, 36 kDa)
that prevents free NF-kB from promoter-DNA-binding and
gene transactivation. However NF-κB can be rapidly induced
in all cell types by treating them with pro-inflammatory
mediators that include interleukin-1beta (IL-1β), interleukin 6
(IL-6), tumor necrosis factor alpha (TNFα), and endotoxins
such as lipopolysaccharides (LPS), an intensely inflammatory
lipoprotein produced exclusively by Gram-negative bacteria, Aβ

peptides, viral gene products, ultraviolet and other ionizing
irradiation, and reactive oxygen species (ROS)-generating and/or
oxidizing compounds. Exposure to these factors induces IkB

decomposition triggered through a site-specific phosphorylation
of an IκB kinase (IKK) complex, followed by degradation
via the ubiquitin-proteasome system, and then rapid NF-kB-
activated transcription by multiple pro-inflammatory NF-kB-
sensitive gene promoters. The human brain and CNS contain
a very active, pleiotropic NF-kB-signaling system that has a
function in both neurological health and disease (Kaltschmidt
and Kaltschmidt, 2009; Christian et al., 2016; Liu et al., 2022;
Yoon et al., 2022). While the NF-kB (p50/p65; also known as
p50/RelA) heterodimer is especially abundant in nervous tissues,
other homo- or hetero-dimeric NF-kB transcription factor
complexes containing at least 5 other molecular components that
include RelA, RelB, c-Rel, p50, p52, and NFKB1 (p105) form
at least 12 different identified NF-kB complexes. All share the
conserved Rel homology domain (RHD) responsible for DNA
binding, dimerization, and association with the repressor protein
IκB (Zhang et al., 2017; Pires et al., 2018; Baltimore, 2019;
https://www.genecards.org/cgi-bin/carddisp.pl?gene=RELA; last
accessed 25 May 2022). It has been repeatedly demonstrated:
(i) that activated NF-kB subsequently upregulates a select
sub-group of disease-associated miRNAs comprising a well-
characterized NF-kB-sensitive Homo sapiens-enriched family of
potentially pathogenic miRNAs that include miRNA-9, miRNA-
30b, miRNA-34a, miRNA-146a, and miRNA-155 normally
involved in immunity, inflammation, and brain cell genetic
function in the CNS (Lukiw, 2012, 2020; Brennan et al., 2019;
Juźwik et al., 2019; Barnabei et al., 2021; Song et al., 2021; Yoon
et al., 2022); (ii) that the same miRNAs are upregulated in AD
brain; (iii) that this group of significantly over-expressedmiRNAs
are abundant in progressive and often lethal viral and prion-
mediated and/or related neurological syndromes associated with
progressive inflammatory neurodegeneration; and (iv) that all of
these NF-kB-sensitive endotoxin-responsive miRNA genes have
as many as three tandem, functional NF-kB binding sites stacked
in their immediate 5’-promoter region, making this miRNA
gene family exceptionally sensitive to NF-kB activation and NF-
kB-mediated transcriptional upregulation (Taganov et al., 2006;
Lukiw et al., 2008; Alexandrov et al., 2019; Jauhari et al., 2020;
Table 1). Interestingly, there is also abundant recent evidence
(i) that endotoxins such as LPS and other biophysical-barrier-
penetrating glycolipids and lipoproteins specifically induce
neurodegeneration by promoting neuro-inflammatory signaling
by stimulation of Toll-like receptors (TLRs) present on the
outer membranes of glial cells of the CNS (Kumar, 2019; Singh
et al., 2022); (ii) that extremely potent pro-inflammatory species
of LPSs have been found by many independent groups to be
localized in human brain neurons in AD brain (Zhan et al., 2018,
2021; Alexandrov et al., 2019; Zhao et al., 2019a; Singh et al.,
2022); and (iii) that a life-long supply of microbiome-abundant
Gram-negative bacteria-derived LPS would be available over the
long-term to chronically upregulate NF-kB in the brain and CNS,
as is observed in LPS-treated human neurons in primary culture
and in AD temporal lobe neocortex, the latter an anatomical
area targeted by the AD process (Lukiw and Bazan, 1998;
Zhang et al., 2017; Zhan et al., 2018, 2021; Zhao and Lukiw,
2018; Alexandrov et al., 2019; Zhao et al., 2019a; Singh et al.,
2022).
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TABLE 1 | NF-kB-induced microRNAs (miRNAs), their mRNA targets, functions, and pathways in Alzheimer’s disease (AD)-affected brain; all miRNAs listed show: (i)

significant upregulation following NF-kB (p50/p65) activation; (ii) are potentially pathogenic and are upregulated in AD brain, AD cell culture, and transgenic murine models

of AD (TgAD); and (iii) have been shown to interactively contribute to the AD process; some closely related work on the functions these miRNAs in neuronal cell culture,

TgAD models, and other human neurodegenerative diseases have also been included in the References.

Human miRNA mRNA target(s) mRNA function Result of mRNA and gene

expression deficit

Reference

miRNA-9 CFH complement factor H; repressor of

activation of the innate immune

response in brain and retina at the C3

to C3b transition

CFH deficits in disease are

pro-inflammatory; excessive activation

of the innate-immune response, altered

immune-signaling, neuroinflammation

Clement et al. (2016), Recabarren and

Alarcón (2017), Chen et al. (2018), Natoli

and Fernando (2018)

TREM2 triggering receptor expressed in

myeloid and microglial cells; surface

receptor essential in removing cellular

debris; viral infection

deficits in phagocytosis and clearance

of end-stage metabolic products from

cells including amyloid beta (Aβ)

peptides

Lukiw et al. (2008), Zhao and Lukiw (2013,

2018), Bhattacharjee et al. (2016), Chen

et al. (2021)

TSPAN-7 transmembrane spanning superfamily

member 7; regulator of surface

receptor signal transduction; activates

ADAM10-dependent cleavage activity

of βAPP; tau seeding activity; viral

infection

amyloidogenesis; impairment of

autophagic activity and promotion of

amyloid plaque formation; inhibition of

autophagy; supports the formation of

neurofibrillary tangles (NFT)

Jaber et al. (2019), Perot and Ménager

(2020), Chen et al. (2021), Turk et al.

(2021)

miRNA-30b NF-L (NEFL) neurofilament light chain protein;

neuron-specific; supports neuronal

cytoarchitecture, radial diameter of

axons and synaptic signaling

loss of neuronal cytoarchitecture and

signaling capacity; neuronal atrophy;

synaptic structural deficits; general

biomarker for neurodegeneration

McLachlan et al. (1990), Kittur et al.

(1994), Brennan et al. (2019), Xu et al.

(2021), Zhao et al. (2021)

miRNA-34a SHANK3 SH3 proline-rich and

multiple-ankyrin-repeat domain

(SHANK3) cytoskeletal anchoring

protein; gene directional gene

expression effects; associated with viral

infection

Disruption of the cytoskeleton and

post-synaptic structure and scaffolding

network; deficits in synaptic

organization, dendritic spine maturation

and synaptic vesicle release

Lu et al. (2010), Choi et al. (2015), Jaber

et al. (2017), Lee et al. (2017), Jin et al.

(2018), Zhao et al. (2019b)

TREM2 triggering receptor expressed in

myeloid and microglial cells; surface

receptor essential in removing cellular

debris; associated with viral

(SARS-CoV-2) infection

deficits in phagocytosis and clearance

of end-stage metabolic products from

cells including amyloid beta (Aβ)

peptides- deficits in AD and AMD

Zhao and Lukiw (2013), Zhao et al. (2013),

Hermans et al. (2021), Wu et al. (2021),

Olufunmilayo and Holsinger (2022)

miRNA-125b CDKN2A cyclin-dependent kinase inhibitor 2A

cell cycle inhibitor; induces cell cycle

arrest; viral (SARS-CoV-2) infection

downregulation of cell cycle control:

astrogliosis and glial cell proliferation

Pogue et al. (2010), Czapski et al. (2021),

Valeri et al. (2021)

SYN-2 synapsin-2: neuron-specific; neuronal

synaptic phosphoprotein; coats

synaptic vesicles; functions in the

regulation of neurotransmitter release

impairment of neurotransmitter release

and trans-synaptic signaling; synaptic

signaling deficits observed in AD brain

and in TgAD murine models

Ferreira and Rapoport (2002), Mirza and

Zahid (2018), Zhao et al. (2019a, 2021),

Jeśko et al. (2021)

15-LOX-1 ALOX15; arachidonate

15-lipoxygenase; essential in the

conversion of docosahexaenoic acid to

neuro-protectin D1 (NPD1)

lack of NPD1; lack of neurotrophic

support; deficiency of neurotrophic

omega-3 fatty acid derivatives in the

human brain neocortex

Lukiw et al. (2005), Zhao et al. (2014), Sun

et al. (2018), Al-Fadly et al. (2019)

miRNA-146a CFH complement factor H; complement

control glycoprotein; deficits in disease

are pro-inflammatory to the host; viral

(SARS-CoV-2) infection; see above

defective control and stimulation of the

innate- immune response; and

pro-inflammatory signaling; role in

neuro-pathological signaling in AD and

prion disease

Alexandrov et al. (2019), Slota and Booth

(2019), Fan et al. (2020), Yu et al. (2020),

Aslani et al. (2021), Pogue and Lukiw

(2021), Wu et al. (2021)

IRAK-1 interleukin-1 receptor-associated kinase

1; initiation and sustenance of the

innate immune response and NF-κB

signaling

compensatory surge in IRAK-2 and

chronic stimulation of NF-κB signaling

in the brain; neuroinflammation

Cui et al. (2010), Arena et al. (2017), Aslani

et al. (2021)

TSPAN12 transmembrane superfamily member

12; cell surface receptor involved in

signal transduction; activates

ADAM10-dependent cleavage of βAPP

and tau seeding activity

pathological shift from neurotrophic

(sAPPα) to amyloidogenic (beta- and

gamma-secretase cleavage);

processing of βAPP into neurotoxic

Aβ42 peptides

Li et al. (2011), Jaber et al. (2017), Aslani

et al. (2021), Miyoshi et al. (2021)

miRNA-155 CFH complement factor H; see above defective regulation of the

innate-immune response (see above)

Chen et al. (2018), Zingale et al. (2021),

Rastegar-Moghaddam et al. (2022)
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THERAPEUTIC STRATEGIES DIRECTED
AGAINST NF-kB AND/OR
PRO-INFLAMMATORY miRNA SIGNALING

Because NF-kB signaling pathways appear to be centrally
involved in a great many immune- and inflammation-linked
human diseases from carcinogenesis to neurodegeneration,
a large number of natural and synthetic NF-kB inhibitors
have been designed and tested, and are under very active
investigation to limit the extent of NF-kB activation in the
cellular environment. The evolution of one single high-potency
gene-activating transcription factor in overlapping signaling
pathways has made it challenging to find biologically active
inhibitory molecules that can interfere with and/or block
specific signaling pathways that lead to NF-κB activation
without multiple off-target effects or other complicating
factors. Even so, a number of NF-kB modulator and blocking
strategies have been adopted or are undergoing rigorous
evaluation in both research laboratories and in clinical settings.
In general, therapeutic NF-kB inhibition can occur via four
basic mechanistic strategies: (i) by blockage of the original
physiological stimulating signals that drive NF-kB activation;
(ii) by targeting phosphorylation pathways associated with
NF-kB activation because NF-κB phosphorylation controls
transcription in a gene-specific manner; (iii) by modulation
or activation of the IkB complex or other NF-kB subunits;
and/or (iv) by blockage of NF-kB translocation, DNA sequence
recognition, and binding and/or modification of NF-kB that
affects its activity or target specificity. These approaches include
but are not limited to the following strategies, most of which
are under very active research and therapeutic development:
(i) antioxidant approaches that neutralize the primary NF-kB
activation signals such as quenching of reactive oxygen species
(ROS) and other oxidizing and/or redox compounds (Kaur et al.,
2015; Barnabei et al., 2021; Jover-Mengual et al., 2021; Pogue
and Lukiw, 2021); (ii) alteration of multiple phosphorylation
events that disrupt the activation of the multi-subunit NF-
kB transcription complex and alter the interaction of these
phosphorylation sites that ultimately determines the selectivity
of NF-κB effects on transcriptional activity (by advanced
investigation of these highly interactive phosphorylation sites
and mechanisms it should be possible to modulate or block
many aspects of phosphorylation-mediated NF-kB activation;
Christian et al., 2016; https://360researchreports.com/global-nf-
kb-inhibitors-market-20149725); (iii) as previously pointed out,
because active NF-kB complexes are assembled from various
combinations of RelA, RelB, c-Rel, p50, p52, NFKB1 (p105)
etc., it may be possible to specifically block the generation
and/or assembly of a single monomeric species of NF-kB by
limiting the abundance of one of the subunits of NF-kB by
genome editing, including knock-out technologies and/or the
Cas9/CRISPR editing system (Wang et al., 2018; Dai et al., 2020;
Katti et al., 2022); (iv) NF-kB is directed to bind to its genomic
targets by topological features located in certain promoter
DNA sequences; therefore, these highly specific promoter DNA

binding sites can be masked, blocked, or modulated using
genome blocking technologies involving small non-coding
RNA (sncRNA), NF-kB decoy sequence, and/or Cas9/CRISPR
editing strategies (Taganov et al., 2006; Christian et al., 2016;
Zhang et al., 2017; Baltimore, 2019; Dai et al., 2020; Katti
et al., 2022; Yoon et al., 2022); (v) specific upregulated miRNA
abundance and speciation may be blocked or modulated using
chemically stabilized anti-miRNA strategies or by targeting
miRNA processing enzymes, thus preventing the creation of
a fully active and/or biologically available miRNA species; (vi)
directed delivery systems to the brain and/or CNS or other tissue
and/or organ systems to minimize unwarranted off-target effects;
(vii) long-term systemic ingestion of low-dose NF-κB inhibitors
including dietary-administered flavonoids, lignans, diterpenes
and sesquiterpenes, saponins, polysaccharides, polyphenols,
biological fiber, and other natural products that may have general
beneficial effects on reducing pro-inflammatory signaling,
carcinogenesis, and neurodegeneration by chronic dampening
of NF-κB activities. These have been used for millennia in the
pharmacopeia associated with ethnic biomedical-treatment
approaches (Gilmore and Herscovitch, 2006; Li et al., 2020a,b;
Olajide and Sarker, 2020; Uddin et al., 2021; Al-Khayri et al.,
2022; Das et al., 2022); and/or (viii) any combination of these
therapeutic strategies. Regarding the creation and testing of
synthetic NF-kB modulatory or blocking compounds, about
∼80 pharmaceutical companies are currently in the pursuit
of more effective, directed and specifically targeted NF-kB
inhibitors for clinical application in human diseases involving
excessive NF-kB activation and signaling (https://www.
futuremarketinsights.com/reports/nf-kb-inhibitors-market;
https://www.Globenewswire.com/news-release/2020/12/08/
2141 093/0/en/NF-kappa-B-Inhibitors-Therapeutics-pipeline-
analysis-of-80-Companies.html; https://360researchreports.
com/global-nf-kb-inhibitors-market- 20149725; last accessed 25
May 2022).

DISCUSSION

The pleiotropic homo- or hetero-dimeric transcription factor

NF-kB is a master regulator of the innate immune system,

inflammatory responses, and neurotropic, cytoskeletal, synaptic,

phagocytic, and synaptic deficit characteristics of the AD-
affected brain and related neurodegenerative disorders. One

critically important regulatory action of the NF-kB complex is

to upregulate a small family of pathogenic miRNAs in the brain
and CNS, which in turn targets and downregulates a group
of mRNAs whose downregulation is decisive in driving the
neuropathology of AD (Table 1). It is our opinion that these NF-
kB-regulated miRNA-mRNA linked pathological interactions
will provide a wealth of targets for therapeutics and disease
intervention. The merging of experimental and human clinical
trials will be decisive in the strategic design and application
of NF-kB and NF-kB-miRNA-induced modulatory agents and
drugs useful in the more efficacious treatment of the current
AD epidemic.
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Circulating exo-miR-154-5p
regulates vascular dementia
through endothelial progenitor
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Background: Vascular dementia (VaD) mainly results from cerebral vascular

lesions and tissue changes, which contribute to neurodegenerative processes.

Effective therapeutic approaches to targeting angiogenesis may reduce

mortality of VaD. Endothelial progenitor cells (EPCs) play a key role in

postnatal angiogenesis. Many exosomal microRNAs (exo-miRNAs) have been

reported to involve in the development of dementia. The present study

was designed to investigate whether the expression profile of the exo-

miRNAs is significantly altered in patients with VaD and to reveal the function

of differentially expressed miRNAs and the relevant mechanisms in EPC-

mediated angiogenesis in VaD rat model.

Results: Exosomes isolated from serum of patients with VaD (n = 7)

and age-matched control subjects (n = 7), and miRNA sequencing and

bioinformatics analysis found that circulating exosome miRNA-155-5p,

miRNA-154-5p, miR-132-5p, and miR-1294 were upregulated in patients

with VaD. The expression of miRNA-154-5p was further verified to

be upregulated in clinical samples (n = 23) and 2-vessel occlusion-

induced VaD rat model by reverse transcription quantitative PCR (RT-

qPCR). Notably, miRNA-154-5p inhibition in bone marrow-EPCs (BM-

EPCs) from VaD rats improved EPC functions, including tube formation,

migration, and adhesion, and elevated concentrations of vascular endothelial

growth factor (VEGF) and stromal cell-derived factor-1α (SDF-1α). The

mRNA levels of ICAM-1, VCAM-1, and MCP-1 were reduced in miRNA-

154-5p-inhibited EPCs. In addition, miRNA-154-5p inhibition increased

the level of superoxide dismutase (SOD), and decreased reactive oxygen

species (ROS) in EPCs. PRKAA2 was chosen as a promising target gene

of miR-154-5p, and miRNA-154-5p inhibition upregulated the protein

expression of AMPKα2. Furthermore, upregulation of miR-154-5p markedly

diminished EPC functions and inhibited angiogenesis following EPC

transplantation in VaD rats.
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Conclusion: Circulating exo-miR-154-5p was upregulated in patients with

VaD, and miR-154-5p upregulation was associated with impaired EPC

functions and angiogenesis in VaD rat model. Therefore, miR-154-5p is a

promising biomarker and therapeutic strategy for VaD.
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Introduction

Vascular dementia (VaD) accounts for roughly 15–30%
of dementia cases worldwide and increases linearly with
age (Terracciano et al., 2021). VaD is characterized by
progressive cognitive impairment, neurodegeneration, and
memory difficulty, which is mainly attributed to cerebrovascular
pathologies (Ghassab-Abdollahi et al., 2021). VaD is becoming
the second most common cause of dementia next only to
Alzheimer’s disease (AD). Although numerous studies have
been made on the elucidation of mechanisms for VaD
in recent years, the treatment approaches still focus on
controlling the associated cardiovascular and cerebrovascular
symptoms (Librizzi et al., 2021). There is still a lack of
effective strategies against VaD. Therefore, investigation of the
mechanism underlying cerebrovascular pathologies and further
exploration of the novel therapeutic strategies have become a
pivotal medical issue.

Emerging evidence suggests that exosomes play a vital role
in the pathogenesis of neurodegeneration (Beatriz et al., 2021).
Exosomes are generated and secreted through exocytosis of
microvesicles (MVs) by mass of cell types, including stem cells
(Fayazi et al., 2021). They are released into the extracellular space
and exist in most body fluids, including saliva, plasma, urine,
and even breast milk. These MVs can transfer nucleic acids
and proteins to nearby cells, thereby affecting the activation
of the recipient cells (Li et al., 2021). MicroRNAs (miRNAs)
are conserved, endogenous, and small non-coding RNAs (22
nucleotides in length) that anneal to the 3′-UTR of their
target mRNAs to negatively regulate the translation (Kong
et al., 2021). Importantly, abnormal expression of miRNAs is
associated with a wide range of disorders. It has been shown that
miRNA expression pattern in exosome from peripheral blood
implies a diagnostic biomarker for the stage and grade of liver
diseases (Murakami et al., 2012). Moreover, exosomal miRNAs
(exo-miRNAs) in cerebrospinal fluid has been reported to be
specific and sensitive biomarkers for differentiating Parkinson’s
disease (PD) from healthy and AD (Gui et al., 2015). However,
alterations of miRNA content in serum exosome from patients
with VaD have not yet been described.

It is well-established that VaD is featured in cerebrovascular
dysfunction, which precedes neurodegeneration. Structural

and functional lesion of cerebral blood vessels results in
cerebral blood flow regulation disturbance, vascular reserve
consumption, and a decrease in brain repair ability (Raz
et al., 2016). Chronic cerebral hypoperfusion (CCH) begins
with such cerebrovascular damage that will further disrupt
the homeostasis, such as oxidative stress, inflammation,
mitochondrial and neurotransmitter dysfunction, and apoptosis
(Du et al., 2017). In recent years, studies suggest that endothelial
progenitor cells (EPCs) have a potential therapeutic application
for vascular diseases (Han et al., 2017a; Zhou et al., 2019).
EPCs possess the properties of migrating and homing to
the injury area to promote angiogenesis and vasculogenesis
(Han et al., 2017b). In addition, EPCs can derive from
bone marrow and release pro-angiogenic growth factors liking
vascular endothelial growth factor (VEGF). Clinical research
has reported that a reduction of circulating EPCs was positive
correlated with the cognitive dysfunction in patients with AD
(Kong et al., 2011). Transplantation of EPCs can prolong
the lifespan in stroke-prone spontaneously hypertensive rats
(SHR-SP) and promote local angiogenesis in ischemic brain
(Peng et al., 2018). Notably, EPC-derived MVs were able to
trigger neoangiogenesis via a horizontal transfer of mRNA
to endothelial cells of micro-/macro-vasculature (Deregibus
et al., 2007). In short, EPCs have promising therapeutic
potential against vascular brain diseases. Nevertheless, the
relation between EPC bioactivity and CCH-induced cognitive
impairment remains unclear.

In the present study, we established a bilateral common
carotid artery occlusion (BCCAO) rat model, which could
imitate the pathogenesis of VaD (Jiwa et al., 2010). We aimed
to explore the effect of differentially expressed exo-miRNAs on
EPC-mediated angiogenesis in BCCAO rats.

Materials and methods

Clinical samples

This research was approved by the Ethics Committee of
Zhejiang Xiaoshan Hospital (Hangzhou, China). A cohort
of 30 patients with VaD at the Department of Neurology,

Frontiers in Cellular Neuroscience 02 frontiersin.org

57

https://doi.org/10.3389/fncel.2022.881175
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/


fncel-16-881175 July 25, 2022 Time: 15:45 # 3

Han et al. 10.3389/fncel.2022.881175

Zhejiang Xiaoshan Hospital, and 12 healthy young and
22 healthy elder controls at the Department of Physical
Examination Center, Zhejiang Xiaoshan Hospital were enrolled.
All patients were Han Chinese and were recruited from
November 2019 to January 2020. The patients with VaD were
diagnosed by a neurologist based on the National Institute
of Neurological Disorders and Stroke (NINDS)-Association
Internationale pour la Recherche et I’Enseignement en
Neurosciences (AIREN) clinical criteria (Román et al., 1993).
Patients with VaD were scored with the clinical dementia
rating (CDR), the Minimum Mental State Examination
(MMSE) criteria and the Hachinski criteria (Table 1). The
exclusion criteria were a history of a head injury with
loss of consciousness, physical abnormalities, and meeting
Diagnostic and Statistical Manual of Mental Disorders, the
fourth edition (DSM-IV) criteria for substance dependence
or current mood or anxiety disorders. In addition, patients
administrated with anti-angiogenic medications for any
indication were also excluded. All participants signed written
informed consent.

Blood sampling

Due to the time of blood drawing needed to accommodate
the clinic and laboratory, all sample collection in this study
were conducted between 9 a.m. and 11 a.m. Peripheral blood
from all subjects was placed in a serum tube for 1 h, and
the tubes were centrifuged at 3,000 × g for 10 min at 4◦C.
The supernatant was regarded as serum and stored at −80◦C
until detection.

TABLE 1 Primers used for RT-PCR analysis.

Gene Species Forward primer Reverse primer

miR-155-5p Human 5′-GTGTTAATGCTAA
TCGTGATAGGGG-3′

5′-CAGTGCAGGG
TCCGAGGTATT-3′

miR-154-5p Human 5′-CCAGCGTGTAGG
TTATCCGTG-3′

5′-CAGTGCAGGGTC
CGAGGTATT-3′

miR-132-5p Human 5′-CCGTGGCTTTC
GATTGTTACT-3′

5′-CAGTGCAGGGTCC
GAGGTATT-3′

miR-1294 Human 5′-AGCGTGTGTG
AGGTTGGCAT-3′

5′-CAGTGCAGGG
TCCGAGGTATT-3′

miR-154-5p Rat 5′-AGGTTATCCGT
GTTGCCT-3′

5′-GAACATGTCTG
CGTATCTC-3′

ICAM-1 Rat 5′-AGATCATACGGGTT
TGGGCTTC-3′

5′-TATGACTCGTGAAA
GAAATCAGCTC-3′

VCAM-1 Rat 5′-TTTGCAAGAAA
AGCCAACATGAAAG-3′

5′-TCTCCAACAGTT
CAGACGTTAGC-3′

MCP-1 Rat 5′-GTCACCAAGCTC
AAGAGAGAGA-3′

5′-AGTGGATGCAT
TAGCTTCAGA-3′

β-actin Rat 5′-AAGTCCCTCAC
CCTCCCAAAAG-3′

5′-AAGCAATG
CTGTCACCTTCCC-3′

Exosome preparation

The procedure of exosome preparation as described before
with minor modification (Li et al., 2017). In brief, serum was
melted in 37◦C water bath and supplemented with 10 times
the volume of phosphate-buffered saline (PBS) buffer. After
filtration with 0.22 µm filter membrane, the supernatant was
centrifuged at 100,000 × g overnight at 4◦C (Optima-L80XP,
Beckman Coulter, CA, United States). The supernatant was
discarded carefully, then appropriate amount of PBS was added
and centrifuged at 100,000× g for 2 h. The obtained precipitate
was exosome. The exosome samples were suspended in 20–
30 µl PBS, and the morphology was observed using the Tecnai
transmission electron microscopy (FEI, OR, United States)
under 80 kV. The particle size of exosomes was detected with
a ZetaView Nanoparticle Tracking Analysis (Particle Metrix,
Meerbusch, Germany).

RNA sequencing

Differential gene expression was analyzed with RNA-
sequencing assay. Exosome samples from healthy control
and patients with VaD (n = 7 per condition) were used
to isolate less than 200 nt RNA with miRNeasy Mini Kit
(QIAGEN, Hilden, Germany). Sequencing libraries were built
and transcriptome sequenced using a HiSeq 2000 (Illumina,
San Diego, CA, United States). Agilent 2100 Bioanalyzer was
chosen to analyze insert sizes in complementary DNA (cDNA)
libraries. Gene expression data were evaluated on Dr. Tom
system (BGI, Wuhan, China). Raw sequencing data are available
in Supplementary material.

Real-time quantitative PCR analysis

Total RNA from exosomes and tissues was extracted using
TRIZOL reagent according to the manufacturer’s instruction
(Takara) and was reverse-transcribed with a PrimeScriptTM RT
Reagent Kit (Takara). Real-time PCR was performed using SYBR
Premix Ex TaqTM (Takara) with the LightCycler 480 System
(Roche Diagnostics, Basel, Switzerland). Primer sequences were
synthesized in Sangon Biotech (Shanghai, China) and listed in
Table 1.

Animals

Male Sprague-Dawley rats were 18-month-old supplied by
the Laboratory Animal Center of Hangzhou Medical College
(SPF grade; Hangzhou, China). All animals were housed at 22–
25◦C and 40–60% humidity under a 12-h light/dark cycle. Rats
were with free access to food and water. Efforts were made to
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minimize their suffering. The study procedures were carried out
according to the National Institutes of Health Guidelines for
the Care and Use of Laboratory Animals. The study protocol
was approved by the Ethics Committee of Laboratory Animal
Care and Welfare, Hangzhou Medical College. After adaptive
feeding for a week, rats were randomly divided into sham
group and VaD group.

Establishing of vascular dementia rat
model

The bilateral common carotid artery occlusion (BCCAO)
rat model has been widely accepted as an experimental model
of VaD (Leardini-Tristão et al., 2017, 2020). The procedures
were carried out as previously reported (Leardini-Tristão
et al., 2017, 2020). In brief, after rats were anesthetized with
phenobarbital sodium (40 mg/kg, i.p.), the bilateral common
carotid arteries were carefully isolated from the peripheral
vagus nerve through a midline incision and double-ligated with
surgical silk. Sham group was subjected to the same procedure,
except that the bilateral common carotid artery was not ligated.
The rats were kept on a heating pad at 38◦C until recovery
from anesthesia.

Cerebral blood flow monitoring

For cerebral blood flow monitoring, a laser speckle blood
flow imaging system (SIM BFI-WF; SIM Opto-Technology Co.,
Ltd., Wuhan, China) was employed. The skin of the head
was cut to expose the subdermal blood vessels. A thin circle
of glass was inserted into the window frame, and cerebral
blood flow velocity was detected before and after establishing
of VaD rat model.

Morris water maze

The Morris water maze (MWM) test was used to evaluate
the spatial learning and memory of rats as previously reported
with minor alteration (Xu et al., 2016). After 3 months of
BCCAO operation, the rats began to place navigation test
for 4 consecutive days. The pool was 1.2 m in diameter
and height 0.6 m, and filled with water and opaque liquid
maintained 24–26◦C inside. The external visual reminder
around the pool were kept constant, which helped for rats
to spatial orientation. A platform (12 cm in diameter) was
submerged 2.5 cm below the water surface in the northeaster
quadrant. The animals received four trials per day. In each
trial, rats were softly released into the water facing the tank
wall at one of the four starting positions. The rats were
permitted a maximum of 60 s to find the hidden platform.

If the rats failed to find the hidden platform within the
specified time, they were guided to the platform and allowed
to stay for 15 s, and a score of 60 s was assigned. The
escape latency was recorded to analyze the spatial learning.
On the fifth day, a probe trial was carried out to assess
spatial memory. Briefly, the rats were allowed to freely
swim for 60 s in the pool from which the platform was
removed, and the time spent in the target quadrant were
recorded. The path taken by animals were monitored using
a computer-based video camera, and the data was analyzed
with the MT-200 image analyzing software (Taimeng Co.,
Chengdu, China).

Nissl staining and
immunofluorescence staining

Rats in both groups were sacrificed after the MWM test,
and brain tissues were collected for pathological observation.
Brain samples were incubated with 4% paraformaldehyde
for 24 h at room temperature and were embedded in
paraffin. After that, embedded brain paraffin sections were
sliced into 5 µm section, then de-paraffinized with xylene
and dehydrated with a graded concentration of ethanol.
Nissl-stained sections were used to stain the section for
5 min. Representative pictures of Nissl-stained sections in
the CA1, CA3, DG, and cortex regions were taken under a
high-power optical microscope (Leica Microsystems, Wetzlar,
Germany). The number of neurons was counted using
ImageJ software (National Institutes of Health, Bethesda,
MD, United States).

For immunofluorescence stain, angiogenesis in the brain
tissues was detected using a monoclonal antibody CD31
(diluted 1:300; R&D System; Minneapolis, MN, United States),
and Iba-1-positive microglial cells were evaluated using a
rat antibody (diluted 1:200; Abcam, ab178846) followed by
immunofluorescence staining using AlexaFluor 488 IgG
antibody (Jackson ImmunoResearch; West Groove, PA,
United States). Dapi (diluted 1:300; Beyotime, Shanghai, China)
was used for nuclei staining. CD31-positive or Iba-1-positive
stain were observed using a fluorescence microscope (Leica
Microsystems, Wetzlar, Germany).

TUNEL assay

Apoptotic neurons were measured using a TUNEL Assay
Kit (Wuhan Boster Biological Technology, Ltd., Wuhan, China)
according to the manufacturer’s instructions. Briefly, brain
samples were incubated with anti-neuronal nuclei antibody
overnight at 4◦C. Sections were then washed three times with
PBS and incubated with TUNEL reaction mixture for 1 h at
room temperature. Images of TUNEL-stained sections in the
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cortex were captured using a fluorescence microscope. TUNEL-
positive neurons were quantitated using ImageJ software.

Activity of malondialdehyde,
superoxide dismutase, and glutathione
peroxidase

Serum from sham and VaD groups were collected for
the measurement of oxidative stress-related biological
parameters. The activities of malondialdehyde (MDA),
superoxide dismutase (SOD), and glutathione peroxidase
(GSH-PX) were determined with commercial kits according
to the manufacturer’s instructions (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China). The samples
were analyzed in duplicate.

Measurement of inflammatory factors
and myeloperoxidase

Brain tissue samples were analyzed for interleukin (IL)-1β,
tumor-necrosis factor (TNF)-α, and myeloperoxidase (MPO)
with commercial ELISA kits according to the manufacturer’s
instructions (Anogen, Mississauga, ON, Canada). All readings
were made from an ELISA plate reader. The samples were
analyzed in duplicate.

Estimation of bone
marrow-endothelial progenitor cell
functions

Isolation and culturing of BM-EPCs were performed
as previously described (Han et al., 2017a). To evaluate
the ability of angiogenesis, Matrigel tube formation assay
was performed. After 7 days of culture, BM-EPCs were
replated into a 96-well plate, which was precoated with
Matrigel (BD Biosciences; Bedford, MA, United States) with
a concentration of 30,000 per 100 µl. Plate was incubated
for 4–6 h at 37◦C, images of tube morphology were
captured using a microscope. Tube formation was assessed by
counting tube numbers.

The ability of migration was estimated using a modified
Boyden chamber assay as previously reported (Yu et al.,
2016). Briefly, BM-EPCs were plated with a concentration
of 30,000 per 100 µl on the upper chamber (8 µm pores),
and cell-free medium containing 50 ng/ml VEGF (Sigma-
Aldrich, Darmstadt, Germany) was added to the lower
chamber of a 24-well Transwell plate (Corning; Lowell, MA,
United States). The plate was incubated for 24 h at 37◦C,
and cells were then fixed with 2% paraformaldehyde and
stained with Hoechst 33258 (Beyotime). The images were taken

with a microscope. The migrated cells were counted using
ImageJ software.

The adhesion assay was applied to assess the EPC function.
A total of 30,000 cells were plated into a 96-well plate
per well, which was precoated with the mouse vitronectin
(1 µg/ml; Sigma). Cells were incubated for 2 h at 37◦C,
and non-adherent cells were carefully removed with PBS.
Adherent cells were fixed with 2% paraformaldehyde and
stained with Hoechst 33258. The stained cells were then
assessed using a fluorescence microscope and counted with
ImageJ software.

Measurement of vascular endothelial
growth factor, stromal cell-derived
factor-1α, and superoxide dismutase
concentrations

The concentrations of VEGF and stromal cell-derived
factor-1α (SDF-1α) in culture medium were detected
using commercial ELSA Kits (R&D System). The level
of SOD was measured using a SOD Quantification Kit
(Beyotime). The procedures were performed according
to the manufacturers’ protocols. All samples were
measured in duplicate.

Determination of reactive oxygen
species generation

Intracellular reactive oxygen species (ROS) level was
measured with the membrane-permeable dye dihydroethidium
(DHE; Invitrogen; Carlsbad, CA, United States). After 7 days
cultivation, BM-EPCs were plated into 96-well plate and stained
with DHE (2 µM) for 1 h at room temperature. Cells were gently
washed with PBS twice to remove excess probe, and images were
taken with a fluorescence microscope.

Treatment of bone marrow-endothelial
progenitor cells in vitro

After 7 days of culture, BM-EPCs were transferred
with adenovirus or Lipofectamine 3000 (Invitrogen)
in M199 medium supplemented with 1% FBS for
36 h. The sequences of miR-154-5p inhibitor, negative
control, and miR-154-5p mimics (GenePharma; Shanghai,
China) were as follows (5′-3′): miR-154-5p inhibitor,
CGAAGGCAACACGGAUAACCUA; negative control
sense, UUCUCCGAA CGUGUCACGUTT; negative control
antisense, ACGUGACACGUUCGG AGAATT; miR-154-5p
mimics sense, UAGGUUAUCCGUGUUGCCUUCG; and miR-
154-5p mimics antisense, AAGGCAACACGGAUAACCUAUU.

Frontiers in Cellular Neuroscience 05 frontiersin.org

60

https://doi.org/10.3389/fncel.2022.881175
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/


fncel-16-881175 July 25, 2022 Time: 15:45 # 6

Han et al. 10.3389/fncel.2022.881175

After 36 h of quiescent culture, cells were used to functions
assay and EPC transplantation assay.

Endothelial progenitor cell
transplantation assay

After 5 days of culturing, BM-EPCs were labeled with
5-bromo-2′-deoxyuridine (BrdU; Thermo Fisher Scientific;
Waltham, MA, United States) as previously described (Peng
et al., 2018). In brief, endothelial growth medium-2 (EGM-
2; Cambrex Corp; East Rutherford, NJ, United States)
was used to dilute BrdU-labeled reagent (1:100), and the
mixture was filtered with a 0.2 µm filter and heated to
37◦C. A total of 2 ml of EGM-2 containing BrdU was
added to cells that were plated in a six-well plate. On
day 7, cells were washed with PBS for three times and
harvested with 0.125% trypsin. Sprague-Dawley rat EPCs
(400,000 cells) were transplanted into VaD rat via the
tail vein. After 7 days of a single injection of EPCs,
rats were sacrificed, and brain tissues were collected for
immunofluorescence staining.

Statistical analysis

Data are expressed as mean ± SD. Statistical analysis was
performed using one-way analysis of variance (ANOVA) with
the Newman–Keuls multiple comparison test, and Student’s
t-test for two group analysis. A value of p < 0.05 was considered
to be statistically significant.

Results

Characterization of extracellular
vesicles extracted from serum

There were 52 participants included in this study, consisting
of 30 (58%) patients with VaD and 22 (42%) healthy controls.
The demographic and identity of these participators were
summarized in Table 2. The extracellular vesicles derived from
human serum were characterized using transmission electron
microscopy, Nanoparticle Tracking Analysis, and Western blot
assay. As shown in Figures 1A,B, the EVs were in the classical
cup morphology of exosomes, and the particle size was in the
range of 70–150 nm. Western blot analysis showed that the
EVs expressed positive marker proteins of exosome, including
Alix, CD63, and CD9, and did not express the glyceraldehyde-
3-phosphate dehydrogenase (GAPDH), a negative marker of
exosome (Figure 1C). The results indicate that the EVs purified
from human serum are qualified exosomes.

TABLE 2 The demographic and identity of clinical samples.

Variables Healthy controls VaD P

No of subjects 22 30

Age 72.3± 11.7 75.3± 5.7 0.2241

Sex (M/F) 10/12 14/16

Clinical characteristics

CDR (%) 0.5–1 N/A 33.3%

2 N/A 40.0%

3 N/A 26.7%

MMSE (%) 0–10 N/A 0.0%

10–24 N/A 100.0%

Hachinski (%) 0–7 N/A 0.0%

≥7 N/A 100.0%

Body Mass Index (kg/m2) 26.3± 2.5 26.6± 2.4 0.6956

Hypertension 8 (36.4%) 17 (56.7%) 0.1536

Diabetes 2 (9.1%) 7 (23.3%) 0.1868

Cardiovascular disease 3 (13.6%) 8 (26.7%) 0.2644

miRNAs are differentially expressed in
serum exosomes of patients with
vascular dementia

To explore whether the contents of exosomes were changed
between patients with VaD and healthy controls, purify
exosomes from seven normal subjects and seven patients
with VaD who met the inclusion and exclusion criteria were
selected to conduct miRNA library sequencing. Transcriptome
analysis of miRNAs showed that a total of 598 mature miRNAs
were detected, of which 33% were upregulated and 19% were
downregulated both twice and more than twice high in VaD
group compared with the control group (Figure 2A). Kyoto
Encyclopedia of Genes and Genomes (KEGG) analysis showed
that the genes targeted by these differentially expressed miRNAs
were mainly enriched in blood vessel development, cellular
migration, and cell adhesion signaling pathways (Figure 2B).
This result indicates that the differentially expressed miRNAs
may be involved in the regulation of cells, which possessed
these biological functions. The miRNAs in VaD group that were
upregulated by two times or more with statistical differences
(p < 0.05) were chosen as the objects of study (Figure 2C), and
specific change multiple is shown in Table 3. These 4 miRNAs
were further verified in 15 normal subjects and 23 patients
with VaD, and reverse transcription polymerase chain reaction
(RT-PCR) results showed that miR-154-5p were significantly
upregulated in the VaD group compared with the control group
(p < 0.05, Figure 2D). Although there were no significant
differences between control group and VaD group of miR-
1294, miR-132-5p, and miR-155-5p (p > 0.05, Figures 2E–
G). To further study the influence of aging on levels of
miRNAs, 12 healthy young were recruited. The demographic
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FIGURE 1

Characterization of EVs extracted from serum. (A) Transmission electron microscope was used to analyze extracted exosomes which were
zoomed indicated by the blue frame. Scale bar = 100 nm. (B) The particle size of serum EVs was measured with a Nanoparticle Tracking
Analysis. (C) EVs and Supernate or serum were detected by Western blot for the exosome-riched markers Alix, CD63, and CD9, and the negative
marker GAPDH. EVs, extracellular vesicles; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

and identity of healthy young and elder participators were
summarized in Supplementary Table 1. There were no
significant differences between young group and elder group for
miR-154-5p, miR-1294, miR-132-5p, and miR-155-5p (p > 0.05,
Supplementary Figure 1). These results suggest that miR-154-
5p is confirmed to be significantly increased in serum exosomes
of patients with VaD.

Establishing of vascular dementia rat
model and upregulation of oxidative
stress and inflammation in vascular
dementia rats

To evaluate the influence of miR-154-5p on VaD in brain
tissue, BCCAO surgery was performed to induce VaD model.

After 3 months of surgery, spatial memory was assessed
by the MWM test, and TUNEL stain and Nissl stain were
used to evaluate pathologic changes in the cerebral tissues
of VaD rats. In the acquisition trials, VaD rats exhibited an
obvious impairment in spatial learning, which was evidenced
by longer latency time to reach the platform compared with
sham group (p < 0.05, Figure 3A). In the probe trial,
the trajectory chart showed decreased times in platform site
crossings in VaD rats (Figure 3B). The analysis showed
that the time spent in the target quadrant was greatly
reduced in VaD rats compared with sham group (p < 0.05,
Figure 3C). Moreover, as showed in Figures 3D,E, the number
of TUNEL-positive cells was significantly increased in the
cortex region of the VaD rats compared with sham rats
(p < 0.05). Nissl staining revealed a marked neuronal injure
evidenced by the disappeared Nissl bodies, and shrunken
and deepened staining of cell bodies in the CA1, CA3, DG,
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FIGURE 2

Bioinformatics analysis of miRNAs expression profiles in serum exosomes of patients with VaD. (A) Pie chart of differentially expressed miRNAs.
The Jacinth part presented upregulated miRNAs; the gray part indicated downregulated miRNAs; the blue part presented unchanged miRNAs.
(B) Heat map of differentially expressed miRNAs from patients with VaD and control group. (C) The KEGG analysis of the pathways enriched by
the differentially expressed miRNAs from patients with VaD. (D–G) The upregulated miRNAs were further verified using RT-PCR in patients with
VaD and control group (Control: n = 13, VaD: n = 23). *p < 0.05. Data are shown as mean ± SD. KEGG, Kyoto Encyclopedia of Genes and
Genomes; RT-PCR, reverse transcription polymerase chain reaction; VaD, vascular dementia.

and cortex region of VaD rats when compared to sham rats
(p < 0.05, Figures 3F,G). In addition, representative images
of cerebral blood flow before and after establishment of VaD
model are showed in Figure 3H. The redder the color, the
faster the blood flow, and the blue color indicates slow
blood flow. The cerebral blood velocity decreased by 46.8%
following BCCAO surgery was compared with before surgery
(Figure 3I). The above results indicating a VaD rat model
successfully established.

Levels of oxidative stress and inflammation in VaD rats were
evaluated. VaD rats showed significantly higher serum MDA
level, and lower SOD and GSH-PX levels than sham group

TABLE 3 The up-regulated miRNAs.

Name Fold change (VaD/Ctrl) P

Has-miR-154-5p 11.91 0.03

Has-miR-1294 8.76 0.02

Has-miR-132-5p 4.44 0.02

Has-miR-155-5p 2.81 0.02

(p < 0.05, Supplementary Figures 2A–C). Furthermore, the
VaD rats exhibited more remarkable elevation of IL-1β, TNF-
α, and MPO in cerebral tissues than sham rats (p < 0.05,
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FIGURE 3

Establishing of VaD rat model. Sprague-Dawley rats were subjected to bilateral common carotid artery occlusion surgery to induce VaD rat
model. Three months later, the Morris water maze (MWM) test was performed, then brains were collected for histopathological analysis. (A) The
trajectory chart. (B) The latency time of rats to reach a hidden platform from day 1 to day 4 were recorded. (C) The percentage of time spent in
the platform quadrant was calculated. (D) The statistical chart for TUNEL-positive cells. (E) Representative images of TUNEL staining in the
cortex region. Representative images of Nissl staining in the CA1, CA3, DG, and cortex regions (F), and neuron density (G). (H) Cerebral blood
velocity before and after surgery. Red ellipse represents region of interest. Scale bar, 0.5 mm. (I) The cerebral blood velocity was measured in
regions of interest. [(A–G): n = 6; (H,I): n = 3]. *p < 0.05. Data are shown as mean ± SD.
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Supplementary Figures 2D–F). Meanwhile, increased Iba-1-
positive cells were confirmed by immunofluorescence staining
of cortex sections from VaD rats (p < 0.05, Supplementary
Figures 2G,H). These results suggest that levels of oxidative
stress and inflammation are significantly increased in VaD rats.

miR-154-5p is upregulated in the
hippocampus, cortex, and bone
marrow-endothelial progenitor cell
from vascular dementia rats

To examine the expression of miR-154-5p in brain tissues
and cellular, RT-PCR was performed. The expression of
miR-154-5p was significantly increased in the hippocampus,
cortex, and BM-EPC from VaD rats (p < 0.05, Supplementary
Figure 2I), whereas there were no significant differences
in microglia and astrocyte (p > 0.05, Supplementary
Figure 2I), suggesting that miR-154-5p is likely involved
in the development of VaD via endothelium.

Inhibition of miR-154-5p improves
vascular dementia-induced endothelial
progenitor cell dysfunction and
excessive oxidative stress in bone
marrow-endothelial progenitor cells

Strong evidence demonstrates that cerebrovascular
dysfunction links with VaD (Kalaria, 2018). Prior studies have
reported that EPCs contribute to cerebral vascular repair
disorders, such as AD and stroke (Bai et al., 2015; Zhang et al.,
2018). To define the effect of miR-154-5p on EPC function in
VaD rats, miR-154-5p inhibitor was used to knock down its
expression. BM-EPCs were isolated from the VaD rats, and
tube formation, migration, and adhesion ability were evaluated
in vitro. BM-EPCs from VaD rats resulted in a significant
decrease in the number of tubes (p < 0.05, Figures 4A,B),
migration cells (p < 0.05, Figures 4C,D), and adhesion ability
(p < 0.05, Figures 4E,F) compared with EPCs from sham group.
miR-154-5p inhibitor significantly elevated tube formation,
migration, and adhesion (p < 0.05, Figures 4A–F). In notice,
miR-154-5p inhibitor markedly attenuated VaD-induced
reduction of VEGF and SDF-1α concentrations in EPC from
VaD rats (p < 0.05, Figures 4G,H).

Interestingly, miR-154-5p also potentially regulated
adhesion molecules and oxidative stress. RT-PCR analysis
revealed upregulated gene level expression of adhesion
molecules, including ICAM-1, VCAM-1, and MCP-1, in
BM-EPCs from VaD rats, whereas the miR-154-5p inhibitor
significantly blunted the levels of these genes in BM-EPCs
(p < 0.05, Figures 4I–K). Moreover, EPC from VaD rats showed

a significant decrease of SOD, and miR-154-5p inhibitor
dramatically increased the concentration of SOD in BM-EPCs
(p < 0.05, Figure 4L). In agreement with this result, the
miR-154-5p inhibitor effectively reduced production of ROS,
as shown by DHE staining in EPC from VaD rats (p < 0.05,
Figures 4M,N). In addition, we speculated the promising
targets of miR-154-5p using miRDB, TargetScan 8.0, and
miRNA.org PRKAA2, which could encode AMPKα2 was
chosen as a potential target gene of miR-154-5p (Figure 4O).
To prove that miR-154-5p could target AMPKα2, the protein
expression of AMPKα2 was measured with Western blot. As
shown in Figure 4P, the protein expression of AMPKα2 was
remarkedly decreased in BM-EPCs from VaD rats compared
with EPCs from sham group. The miR-154-5p inhibitor
increased expression of AMPKα2 in BM-EPCs (Figure 4P).
Taken together, these data indicate that inhibition of miR-
154-5p was able to ameliorate EPC dysfunction in VaD rats,
which may be associated with downregulated levels of adhesion
molecules, oxidative stress, and AMPKα 2 expression.

Overexpression of miR-154-5p impairs
endothelial progenitor cell functions
and inhibits angiogenesis following
endothelial progenitor cell
transplantation in vascular dementia
rats

To further clarify the function of miR-154-5p on
angiogenesis in VaD rats, we overexpressed miR-154-5p
with RNA mimics in BM-EPCs. The overexpression of miR-
154-5p alone markedly worsened EPC functions, reflected
by reduced number of tubes, migration cells, and adhesion
cells in rats compared with normal control group (p < 0.05,
Figures 5A–F). Later, VaD rats were transplanted with BrdU-
labeled EPCs, which were pretreated with miR-154-5p mimics
or negative control, and immunofluorescent staining for
endothelial cell-specific marker CD31 (green), followed by
BrdU (red) were performed in the cortex of brain tissues. As
shown in Figure 5G, some BrdU-positive cells were integrated
into CD31-positive vessels in the cortex of VaD rats that
received NC-EPC transplantation. However, the miR-154-5p-
EPC transplantation showed little incorporation into cerebral
angiogenesis of VaD rats (Figure 5G). Based on these results,
miR-154-5p was sufficient to trigger poor angiogenesis in the
brain of VaD rats.

Discussion

The primary findings of the current study were as follows.
First, miR-154-5p was significantly increased in serum exosomes
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FIGURE 4

Inhibition of miR-154-5p improves VaD-induced EPC dysfunction and reduces oxidative stress in BM-EPCs. After 3 months of bilateral common
carotid artery occlusion surgery, rats were euthanized, and BM-EPCs were harvested for functional tests. BM-EPC function was estimated by
tube formation assay (A,B), migration ability (C,D), and adhesion capacity (E,F). MiR-154-5p inhibitor significantly improved VaD-induced EPC
dysfunction. The levels of VEGF (G) and SDF-1α (H) in culture medium were detected by ELISA kits. Results from the real-time PCR experiments
for analysis the expression of ICAM-1 (I), VCAM-1 (J), and MCP-1 (K) in BM-EPCs. (L) SOD level in BM-EPCs was measured with a kit. Images of
DHE staining (M) and quantitative analysis of DHE-positive cells (N). (O) The predicted miR-154-5p-binding sites in PRKAA2 mRNA 3′-UTR were
confirmed. (P) The downregulated level of AMPKα2 was increased by miR-154-5p inhibitor in BM-EPCs. 50×: scale bar, 100 µm; 200×: scale
bar, 100 µm [(A–N): n = 6; (P): n = 3]. *p < 0.05. Data are shown as mean ± SD. BM-EPC, bone marrow-endothelial progenitor cell; SDF,
stromal cell-derived factor; SOD, superoxide dismutase; VaD, vascular dementia.
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FIGURE 5

Overexpression of miR-154-5p impairs EPC functions and inhibits angiogenesis following EPC transplantation in VaD rats. After 7 days culture,
BM-EPCs were transfected with normal control (NC) scrambled RNA or miR-154-5p mimics, and EPC functions were then evaluated using tube
formation assay (A,B), migration ability (C,D), and adhesion capacity (E,F). (A): 50×: scale bar, 100 µm; (C,E): 200×: scale bar, 100 µm. VaD rats
were subjected to a single injection of saline or BrdU-labeled EPCs, which were transfected with NC RNA and miR-154-5p mimics. Seven days
later, brain samples were harvested and stained with CD31 (green) and BrdU (red). (G) Representative images in the cortex region of VaD rats.
200×: scale bar, 100 µm [(A–F): n = 6; (G): n = 3]. *p < 0.05. Data are shown as mean ± SD. BrdU, 5-bromo-2′-deoxyuridine; EPC, endothelial
progenitor cell; VaD, vascular dementia.
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from patients with VaD. Second, the expression of miR-154-
5p was also upregulated both in brain tissues and in BM-
EPCs, and inhibition of miR-154-5p markedly ameliorated
EPC dysfunction, evidenced by reduced expression of adhesion
molecule and diminished oxidative stress in BCCAO-induced
VaD rats. Finally, we showed that upregulation of miR-154-5p
obviously worsened EPC function and inhibited angiogenesis
following EPC transplantation in VaD rats. Our results
confirmed that miR-154-5p may be one of the important
regulators of EPC-mediated angiogenesis participating in the
development of VaD.

Vascular dementia is proposed to be a chronic
cerebrovascular syndrome resulted from diverse etiologies,
with cerebral vascular damage being the key pathological
manifestation. The pathogenesis of VaD has not yet been
elucidated and mainly includes injury of the cholinergic system,
neuroinflammation, synaptic plasticity, and the toxicity of
excitatory amino acids and free radicals (Kalaria et al., 2016).
Majority of patients with VaD do not have any symptoms in
the stage of onset, thus effectively diagnostic biomarker and
therapeutic prevention seem to be quite important. Recently,
many exciting evidences indicate that exosomal contents,
which cause dramatically changes under neurological damage
condition, represent a possibility for the diagnosis and treatment
of neurodegenerative disorders (Yuyama and Igarashi, 2017;
Hamlett Ledreux et al., 2018). In general, exosomes are a kind of
secreted bilayer-enclosed MVs with a size range of 50–150 nm
diameter (Hamlett Ledreux et al., 2018). In this study, our results
showed that isolated MVs from human serum corresponded to
properties of exosomes in morphology and size.

Exosomes can deliver important proteins, miRNAs, and
short-interfering RNA during intercellular communication.
They are considered as carriers for functional miRNAs binding
to the enzyme Argonaute 2 and transferring to the surrounding
cells, including neurons and astrocytes (Hamlett Goetzl et al.,
2017). Notably, altered miRNAs profiles in CSF or blood
exosomes were closely associated with neurodegenerative
disorders. It has reported that decreased miR-193b in CSF
exosomes could function in the progression of AD (Liu
et al., 2014). Besides, Application of low-level IFNγ released
exosomes containing miRNAs species is able to increase
myelination, reduce oxidative stress, and improve remyelination
in acute lysolecithin-induced demyelination (Pusic et al., 2014).
However, the alteration in exosome-mediated miRNA signature
in VaD remains further research to clarify, and it may be a
possible disease pathology. Our results showed that miR-154-
5p was significantly elevated in serum exosomes of patients with
VaD compared with healthy control via bioinformatics analysis.
Meanwhile, this increment was further conformed in the brain
tissues and BM-EPC of VaD rats, implying miR-154-5p involved
in the development of VaD.

For the Kyoto Encyclopedia of Genes and Genomes
(KEGG) analysis, the different genes were mainly enriched

in blood vessel development, cellular migration, and cell
adhesion signaling pathways. Numerous studies have revealed
that recruitment EPCs into damaged tissues is one of the key
events in neovascularization (Bai et al., 2015; Pías-Peleteiro
et al., 2017). Due to their distinct capabilities, EPCs possess
a promising potential in treatment of vascular diseases. In a
diabetic ischemic stroke model, transplanted EPCs contribute
to improve stroke outcome, promote angiogenesis, and elevate
VEGF expression (Bai et al., 2015). Unfortunately, EPC function
was significantly undermined in patients with AD and VaD
(Kong et al., 2011). In line with these results, we found that
EPC functions, including tube formation, migration ability,
and adhesion capacity, were impaired, and pro-angiogenic
growth factors VEGF and SDF-1α were reduced in BCCAO
induced for 3 months model. Moreover, EPCs have been
shown to provide an abundant source of exosomes suggesting
one of the pivotal components modifying the bioactivity. The
exosomes-mediated transfer of miR-126 has been shown to
prevent microvascular dysfunction and effectively ameliorate
sepsis outcomes in mice (Zhou et al., 2018). miR-154-5p,
as a conserved miRNA in mammal, is associated with cell
proliferation, cardiac fibroblasts, cardiomyocyte hypertrophy,
and oxidant stress (Sun et al., 2016; Wang et al., 2019). However,
the role of miR-154-5p in cerebrovascular remains unknown.
Here, we found that inhibition of miR-154-5p improved the
BCCAO-induced EPC dysfunction, upregulation of adhesion
molecule, and excessive oxidative stress level. As expected,
overexpression of miR-154-5p could worsen the EPC functions
in vitro.

The EPC transplantation has a powerful potential in
vascular repair and revascularization in neurological disorders
besides AD (Peng et al., 2018; Zhang et al., 2018). It is
also a broad-spectrum method, and patients with different
risk factors of neurodegeneration, including aging, diabetes,
hypertension, etc., may be applicable. In APP/PS1 transgenic
mice, the EPC transplantation markedly improved spatial
learning and memory functions, repaired blood–brain barrier
tight junction function, and stimulated angiogenesis (Zhang
et al., 2018). The EPC delivery might also represent an advanced
strategy for interventional treatment of VaD. In this study,
the EPC transplantation in CCH-induced rats was helpful
for angiogenesis in the cortex tissues. While transplanted
the EPCs which were overexpressed miR-154-5p reversed the
angiogenesis effect.

There is a limitation in this study. The mechanism
that related to miR-154-5p regulation of EPC-mediated
angiogenesis under pathological condition of VaD mainly
confirmed in VaD rats, we did not verify in patients
with VaD. This limitation could cause bias in our study.
Nonetheless, these data on the upregulation of circulating exo-
miR-154-5p in patients with VaD are intriguing. Obviously,
the results need to be further evaluated in patients with
VaD in the future.
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Conclusion

In conclusion, in the current study, we show that exosomal
miR-154-5p expression is significantly increased in VaD
individuals. The upregulation of miR-154-5p is sufficient to
trigger the EPC dysfunction and impairment of angiogenesis.
Inhibition of miR-154-5p has beneficial effects on ameliorating
EPC functions implying the clinical potential of miR-154-5p
inhibition during VaD therapy.
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Neurons are highly polarized cells with significantly long axonal and dendritic

extensions that can reach distances up to hundreds of centimeters away from

the cell bodies in higher vertebrates. Their successful formation, maintenance,

and proper function highly depend on the coordination of intricate molecular

networks that allow axons and dendrites to quickly process information, and

respond to a continuous and diverse cascade of environmental stimuli, often

without enough time for communication with the soma. Two seemingly

unrelated processes, essential for these rapid responses, and thus neuronal

homeostasis and plasticity, are local mRNA translation and cytoskeletal

reorganization. The axonal cytoskeleton is characterized by high stability

and great plasticity; two contradictory attributes that emerge from the

powerful cytoskeletal rearrangement dynamics. Cytoskeletal reorganization is

crucial during nervous system development and in adulthood, ensuring the

establishment of proper neuronal shape and polarity, as well as regulating

intracellular transport and synaptic functions. Local mRNA translation is

another mechanism with a well-established role in the developing and adult

nervous system. It is pivotal for axonal guidance and arborization, synaptic

formation, and function and seems to be a key player in processes activated

after neuronal damage. Perturbations in the regulatory pathways of local

translation and cytoskeletal reorganization contribute to various pathologies

with diverse clinical manifestations, ranging from intellectual disabilities (ID)

to autism spectrum disorders (ASD) and schizophrenia (SCZ). Despite the fact

that both processes are essential for the orchestration of pathways critical

for proper axonal and dendritic function, the interplay between them remains

elusive. Here we review our current knowledge on the molecular mechanisms

and specific interaction networks that regulate and potentially coordinate

these interconnected processes.

KEYWORDS

local mRNA translation, cytoskeleton reorganization, neuronal development, axon
elongation and regeneration, synaptogenesis, ribonucleoprotein complexes
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Introduction

Neurons are the “foundation stones” of the nervous system
(NS), relentlessly processing and conveying information crucial
for the orchestration of all the necessary functions of life.
They are among the most structurally sophisticated cells,
consisting of a cell body (soma) with two molecularly and
functionally distinct types of cytoplasmic protrusions: the
dendrites and the axon (Kevenaar and Hoogenraad, 2015).
The significantly extended axons of higher vertebrates are
often required to quickly integrate and process multiple
incoming signals, independently of the soma. Thus, it is
easy to envisage that the proper development, maintenance,
and function of the NS depends on a certain degree of
axonal autonomy, as in most cases there is simply not
enough time for communication with the soma (Mofatteh,
2020). This semi-autonomous activity of axons strongly relies
on two processes: Local mRNA translation and dynamic
cytoskeleton reorganization.

Neurons possess free ribosomes in their distal
compartments and are thus capable of regulating protein
synthesis locally and on-demand, using mRNA molecules that
are trafficked to various subcellular locations and maintained
in a dormant state unto specific stimulation (Cajigas et al.,
2012; Buxbaum et al., 2014; Zappulo et al., 2017; Glock et al.,
2021). Since the translation of a single mRNA molecule can
generate multiple proteins, localized protein synthesis is
considered an energetically favorable mechanism over transport
of individual proteins to distal axonal compartments, allowing
for drastic alteration of the local proteome and subsequent
rapid responses upon receipt of microenvironmental signaling
(Gasparski et al., 2022). On the other hand, the neuronal
cytoskeleton, composed of actin filaments (filamentous actin
or F-actin), neurofilaments, and microtubules (MTs), acts as a
key regulator of crucial molecular and cellular events related
to the establishment and maintenance of neuronal polarity,
morphology, structural integrity, and plasticity (Luo, 2002;
Barnes and Polleux, 2009). Even though its name implies
a static nature, the cytoskeleton is actually exceptionally
dynamic, capable of undergoing rapid rearrangements in
order to adjust to emerging cellular needs in response to
several stimuli.

Local mRNA translation is highly linked to the cytoskeleton,
as the latter not only serves as a platform for mRNA
trafficking but also acts as a scaffold for the organization of the
translational machinery components (Venticinque et al., 2011;
Kevenaar and Hoogenraad, 2015; Piper et al., 2015). Meanwhile,
successful cytoskeleton reorganization is accomplished by a
cycle of polymerization and depolymerization of filaments,
based on monomers that are locally synthesized (Grantham
et al., 2002; Buxbaum et al., 2014; Preitner et al., 2014).
Despite the obvious interrelation of the two processes, and
their well-established roles in the regulation of crucial cellular

events during development and adulthood, little is known
about the potential molecular mechanisms and complexes
that are involved in their coordination. Here, we aim
to provide an overview of the current literature on the
co-orchestrated regulation of local protein synthesis and
cytoskeletal reorganization, both in the developing and adult
NS. Our goal is to summarize our knowledge and highlight
potential missing information that would help us understand the
pivotal interplay between these processes, necessary for proper
NS structure and function.

Importance and regulation of local
mRNA translation in neurons

De novo protein synthesis localized to specific subcellular
regions, a process known as local mRNA translation, can be
achieved via targeted mRNA transport and allows for the
spatiotemporal control of a cell’s protein repertoire (Holt
and Schuman, 2013). Localized protein synthesis has been
studied extensively in model organisms, where the specific
subcellular localization of cytosolic mRNA molecules (e.g.,
bicoid, oscar, nanos) is crucial for development and cell
fate determination (Forrest and Gavis, 2003; Weil et al.,
2008; Zimyanin et al., 2008). For example, due to its large
size and polarity, the normal development and function of
an oocyte in Drosophila melanogaster or Xenopus laevis,
depends on the targeted transport of translationally silent
mRNAs, and the subsequent activation of protein synthesis
at a specific developmental stage or location (Besse and
Ephrussi, 2008). This differential subcellular localization of
mRNAs in different systems of various species serves as an
evolutionarily conserved mechanism for the asymmetrical
distribution of proteins among each cell compartment
(Mofatteh, 2020). Interestingly, the localized mRNAs often
times undergo differential cleavage of their untranslated
regions (UTRs) that generates compartment-specific protein
isoforms (Andreassi et al., 2021). In addition, due to differences
in their post-translational modifications (PTMs), newly
synthesized proteins resulting from local mRNA translation
are also functionally different than their already existing
counterparts. For instance, locally synthesized β-actin is critical
for cell polarity and directional movement of fibroblasts
(Liao et al., 2008).

In the sublimely complex NS, formation of functional
neuronal networks necessitates precise axonal and dendritic
positioning, which in turn require spatiotemporal regulation
of gene expression. Neuronal local translation is an elegant
mechanism, key to this regulation; specific mRNAs that are
transported in a dormant state in distal neuronal compartments,
are translated on-demand, thus providing axons with a level
of autonomy that is crucial for their proper development and
function (Mofatteh, 2020).
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Local mRNA translation in axon
outgrowth and guidance

Several studies highlight the role of local translation in
neurodevelopmental processes, such as growth cone formation,
axon pathfinding and branching, and formation of synapses,
while at the same time numerous neurodevelopmental disorders
have been correlated with disrupted local protein synthesis
(Sasaki et al., 2010; Zivraj et al., 2010; Spillane et al., 2012;
Gkogkas et al., 2013; Santini et al., 2013). After extensive
research in the last couple of decades, we now know that
developing axons exhibit high capacity for local translation,
which provides them with such remarkable autonomy, that
they can grow and navigate independently of the neuronal
soma. Indeed, a series of elegant in vitro experiments initially
unraveled that Xenopus retinal axon pathfinding remains
unaffected by the removal of the soma (Harris et al., 1987). This
observation, along with previous pioneer studies that uncovered
the presence of ribosomes in the axonal compartment, led to
the conclusion that the basic translation machinery is available
in axons, allowing them to tune their proteome and respond
to their environment as needed (Harris et al., 1987; Mofatteh,
2020). However, the cellular mechanisms that regulate precise
positioning of ribonucleoprotein particles (RNPs) in axons
remain largely unknown. Recent work in X. laevis has shown
that axonal mRNAs and RNPs are co-transported with late
endosomes, with the latter ones also serving as docks for
local translation of proteins responsible for axon survival and
integrity (Cioni et al., 2019). Interestingly, mitochondria reside
in the endosome hotspots for local translation and numerous
of the translated mRNAs correspond to proteins that regulate
or maintain mitochondrial functions (Cioni et al., 2019). These
observations in good agreement with previous work unraveling
the importance of mitochondria in local translation and axon
branching downstream of nerve growth factor (NGF) (Spillane
et al., 2013), underline a remarkable mechanism that axons
display, in order to self-sustain their protein homeostasis and
the energy required to do so.

On top of the ability to maintain their integrity, axons need
to respond to a multitude of extracellular signals. Especially in
the mammalian NS the neuronal microenvironment is rather
complex. Axons and their growth cones receive and integrate a
plethora of constant chemoattractive and chemorepulsive cues
in vivo. Successful guidance to their synaptic targets is then
achieved via intracellular signal transduction and subsequent
directed movement along the correct pathway (Dickson, 2002;
Erskine and Herrera, 2007). This directional steering strongly
depends on local mRNA translation and several axon guidance
molecules and growth factors are responsible for eliciting
rapid axonal protein synthesis. For instance, the Slits and
Semaphorins serve as extracellular cues that promote local
translation of mRNA molecules and induce repulsive turning of
axons. Notably, blocking local translation can inhibit repulsive

turning in response to these molecules (Piper et al., 2006).
On the other hand, attractive cues like Netrin-1 also require
local protein synthesis to exert their effect on growing axons.
The Netrin-1 receptor DCC has been previously shown to
directly interact with the translation machinery in developing
axons, thereby promoting translation of specific mRNAs and
de novo synthesis of proteins necessary for Netrin-1 signaling
(Tcherkezian et al., 2021). Notably, one of the best characterized
mRNAs that are asymmetrically translated in response to
Netrin-1 signaling is that of β-actin, thereby providing the
growth cone with blocks for rapid cytoskeletal remodeling, and
directional steering toward the chemoattractant source (Leung
et al., 2006, 2018).

Local mRNA translation in synapse
formation and plasticity

Apart from its evident role in axon development, local
protein synthesis is pivotal for synapses. Many studies have
shown that the ability of synapses to synthesize proteins
in response to specific local demands is necessary for the
developing nerve terminal to sense and respond to extrinsic
signals. Therefore, it is essential for synaptogenesis, synapse
strengthening, and elimination, and even for relaying signals
to the cell soma and influencing neuronal survival (Batista
and Hengst, 2016). Notably, local translation has been found
to be indispensable at both the pre- and post-synaptic
sites (Agrawal and Welshhans, 2021). In the post-synaptic
compartment, where polyribosomes were first visualized by
electron microscopy (EM), a lot of work has been focused on the
function of local mRNA translation, which appears as a highly
dynamic modulator of the local proteome (Steward and Levy,
1982; Ostroff et al., 2012, 2018). A number of studies highlight
a potential similar role of mRNA translation in the pre-synaptic
compartment (Koenig, 1967; Autilio et al., 1968; Morgan and
Austin, 1968; Koenig et al., 2000; Scarnati et al., 2018). Although
initial EM studies were unable to detect ribosomes, or ribosomal
RNA (Bartlett and Banker, 1984), recent work has revealed
clusters of ribosomes associated with actin in mature axons,
as well as a particularly diverse pool of pre-synaptic axonal
and dendritic mRNAs (Koenig et al., 2000; Cajigas et al., 2012;
Hafner et al., 2019).

A very-well studied signal that induces axon terminal
branching and synaptogenesis is the Brain Derived
Neurotrophic Factor (BDNF) (Wang et al., 2022). BDNF
initiates local translation via activation of tropomyosin receptor
kinase B (TrkB) receptors and mTOR signaling, as well as via
stimulation of the group I metabotropic glutamate receptors
(mGluRs) and ERK-MAPK signaling, regulating synapse
formation, plasticity, and maintenance (Steward and Schuman,
2003; Schratt et al., 2004; Napoli et al., 2008). BDNF is secreted
both pre- and post-synaptically and affects TrkB receptors
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localized on both pre- and post-synaptic membranes (Gomes
et al., 2006; Mohajerani et al., 2007; Song et al., 2017). Therefore,
BDNF activates both pre- and post-synaptic pathways and
elicits local protein synthesis and rapid effects on membrane
excitability and synaptic transmission (Pradhan et al., 2019).
At the pre-synaptic compartment, BDNF-induced activation
of TrkB potentiates the release of neurotransmitters such
as GABA and glutamate, via the TrkB-ERK pathway (Kang
and Schuman, 1995; Levine et al., 1995; Kang et al., 1997;
Jovanovic et al., 2000). Post-synaptically, BDNF-induced
activation of TrkB generates fast dendritic calcium transients
and induces several intracellular signaling pathways (Lang
et al., 2007) that may further support structural changes,
such as spine density increase and dendritic growth (Segal
and Greenberg, 1996; Alonso et al., 2004; Mohajerani et al.,
2007). Additional studies have demonstrated that BDNF can
induce local synthesis of the transcription factors SMAD1/5/8
followed by their retrograde transport, providing an example
of tight signal regulation and relay (Ji and Jaffrey, 2012). In
the neuromuscular junction (NMJ) of D. melanogaster, a well-
investigated invertebrate synaptic system, SMAD proteins are
involved in synapse function both in pre- and in post-synaptic
cells (Ueberham and Thomas, 2013).

Based on all of the aforementioned observations and a
plethora of additional studies, it is unassailable that synaptic
plasticity is greatly affected by the levels of local protein synthesis
(Biever et al., 2019), and that activity-dependent local translation
is essential for the formation and maintenance of long-term
memories. For example, it was recently demonstrated that long-
term plasticity of GABA release in established synapses requires
local translation (Cioni et al., 2018). Concomitantly, an elegant
study that perturbed synaptic translation by local depletion
of mitochondrial energy compartments, uncovered severe
impairment of spine morphological alterations, highlighting the
necessity of both protein synthesis and mitochondria during
plasticity in hippocampal neurons (Rangaraju et al., 2019).

The significance of local protein synthesis for synapse
formation, function, and plasticity is further underlined by
the fact that genetic alterations of the pathways that regulate
local mRNA translation are associated with the emergence of
synaptopathies, the clinical manifestations of which range from
mild intellectual disabilities (ID) to autism spectrum disorders
(ASD) and schizophrenia (SCZ) (Ehninger and Silva, 2009;
De Rubeis et al., 2013). A common anatomical feature of
synaptopathies is the dysgenesis of dendritic spines (Penzes
et al., 2011; De Rubeis et al., 2013). For instance, Fragile
X Syndrome is an inherited synaptopathy characterized by
dendritic spine defects which result in neurodevelopmental
delays and autistic-like phenotypes (Irwin et al., 2002;
Jacquemont et al., 2007; De Rubeis et al., 2013). It is caused
by loss of function of FMRP, an RNA-binding protein (RBP)
that regulates local mRNA translation and degradation in
neurons, and is responsible for the dendritic targeting of

mRNAs (Dictenberg et al., 2008; De Rubeis et al., 2013).
In addition, defective assembly of RNPs has been associated
with the emergence of neurological diseases such as spinal
muscular atrophy (SMA) and amyotrophic lateral sclerosis
(ALS) (Sanchez et al., 2013; Mofatteh, 2020).

Local mRNA translation in axon
regeneration

Increasing evidence indicates that axonal mRNA translation
continues to play roles in mature axons, especially during
plastic responses such as injury-induced axon regeneration
(Verma et al., 2005; Jung et al., 2012; Kalinski et al., 2015).
Interestingly, axonal regeneration following injury encompasses
cellular processes that are very similar to physiological axon
growth during development, namely axon elongation and
the formation of a new growth cone, which is receptive to
developmental cues that guide it toward its lost synaptic
targets to restore connectivity (Verma et al., 2005; Giger et al.,
2010). All these processes require local mRNA translation. And
while mature axons of the peripheral nervous system (PNS)
maintain the capacity for mRNA trafficking and translation,
which is necessary for regeneration after injury, mature axons
of the central nervous system (CNS) lose this intrinsic ability
(Gumy et al., 2010). This is primarily because the transition
from development to maturity in the CNS is marked by gene
expression changes that favor synaptic functions and block
growth, therefore limiting the capacity of axons for local
translation (Jung et al., 2012). In vitro as well as in vivo studies
have shown that the enhancement of protein synthesis in injured
axons promotes regeneration, while on the other hand, axonal
regeneration is attenuated when mRNA translation is blocked
after injury (Verma et al., 2005; Christie et al., 2010; Donnelly
et al., 2011; Saxton and Sabatini, 2017). These observations
suggest that there is a strong correlation between local mRNA
translation and the intrinsic ability of axons to regenerate.

Structure and functions of the
neuronal cytoskeleton

As implied by its name, the main role of the cytoskeleton
is not only to provide a structural scaffold, establishing and
maintaining the mechanical properties, morphology, polarity,
and integrity of neurons but also to contribute to neuronal
plasticity (Kevenaar and Hoogenraad, 2015). It is an incredibly
dynamic structure, undergoing rapid remodeling in order
to meet emerging cellular needs in response to constant
environmental stimuli and intrinsic homeostatic processes.
Several key cellular and molecular events, including protrusion,
motility, macromolecule, and organelle positioning, as well
as vesicular trafficking, strongly depend on the cytoskeleton,
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its dynamic flux and ability to serve as a signaling platform
(Kim and Coulombe, 2010).

Major components of the neuronal
cytoskeleton

The neuronal cytoskeleton is built up from three
distinct but integrated fibrous polymers: MTs, F-actin, and
neurofilaments. MTs are cylindrical polymers comprised of
α- and β-tubulin heterodimers, actin filaments are polymers
built up from globular actin (G-actin) and neurofilaments
are a family of neuronal intermediate filaments (Kevenaar
and Hoogenraad, 2015). F-actin and MTs can serve as
rails for long- and short-range axonal transport and can
influence axon growth and specification (Kevenaar and
Hoogenraad, 2015). Neurofilaments are found mostly in axons
and serve as regulators of their diameter and conductance
(Yuan et al., 2017).

MTs are characterized by their highly dynamic nature, and
their continuous growth and shrinkage constitute the main
driving forces for rapid cytoskeletal remodeling (Kevenaar
and Hoogenraad, 2015). The filaments can exist in a
stable state, marked by PTMs, or they can be dynamically
unstable, stochastically switching between polymerization and
depolymerization (Mitchison and Kirschner, 1984; Janke, 2014).
This is regulated by a wide array of factors, among which are the
microtubule-associated proteins (MAPs), with various MAPs,
such as MAP1B and Tau, influencing MT dynamics by inducing
their stabilization (Drechsel et al., 1992; Tortosa et al., 2013;
Derisbourg et al., 2015). One major characteristic of axonal MTs
in particular is their unipolar organization, with their plus-end
(fast-growing) oriented toward the axon tip and the minus-end
(more stable) located in the opposite direction, toward the soma
(Baas et al., 1988; Stepanova et al., 2003; Stone et al., 2008).
Interestingly though, MTs are excluded from dendritic spines
and can only be found in dendritic shafts with mixed orientation
(Baas et al., 1988; Stone et al., 2008; Kapitein et al., 2010).

F-actin is another actively dynamic structure, rapidly
switching between polymerization and depolymerization, due to
the weak interaction forces of actin monomers. Actin monomers
are added to the growing end of the protrusion, while actin
subunits dissociate in the opposite end (Letourneau, 2009).
They are also highly polarized due to the orientation of the
actin monomers in the filament (Kevenaar and Hoogenraad,
2015). Many actin-binding proteins (ABPs) influence actin
dynamics through different mechanisms, such as the promotion
of polymerization/depolymerization of G-actin, as well as
the crosslinking and anchoring of F-actin to other cellular
components (Letourneau, 2009). Axonal actin is organized
along the axon in ring-like structures, comprised of short
actin filaments connected by spectrin tetramers and caped
by adducin (Xu et al., 2013; Lukinavièius et al., 2014; D’Este

et al., 2015). Concomitantly, the cytoskeleton of the dendritic
spines is composed of a highly branched network of long-
and short-branched actin filaments, connected by many ABPs
(Nakahata and Yasuda, 2018). Rearrangements of the actin
cytoskeleton, such as actin polymerization/depolymerization,
branching, cross-linking, and trafficking, are regulated by
multiple ABPs and small GTPase proteins and influence the
formation, shape, motility, and stability of dendritic spines
(Harvey et al., 2008; Murakoshi et al., 2011; Bosch et al., 2014;
Hedrick et al., 2016).

The cytoskeleton during axon
outgrowth and guidance

It has become clear that the cytoskeleton enacts a central
role during neuronal development, acting as a signaling
platform and generating intracellular forces which regulate
the speed and direction of outgrowth (Tanaka and Sabry,
1995). Localized cyclic polymerization and depolymerization of
F-actin, in combination with MTs stabilization, and chaperoning
events like Kinesin1-mediated sliding of MTs contribute to
the generation of the mechanical forces needed for the
induction of neurite outgrowth (Flynn et al., 2012). The initial
exploration stage is characterized by the rapid multidirectional
extension and retraction of actin protrusions in response
to microenvironmental cues (Tanaka and Sabry, 1995). In
particular, in the growth cones that are the distal tips of growing
axons, highly dynamic actin filaments that originate from a
meshed actin network in the leading edge (lamellipodium),
generate filopodial protrusions that serve as cellular antennae,
sampling the microenvironment for numerous attractive and
repellent extracellular signals (Kolodkin and Tessier-Lavigne,
2011). This plethora of external cues promotes the activation
of intracellular cascades, which ultimately converge on the
cytoskeleton and induce local rearrangements that contribute
to the overall neuronal response and guidance toward the
correct direction (Vitriol and Zheng, 2012). Following actin
protrusions and signaling, the MTs explore the new growth cone
intracellular environment, in order to stabilize the navigating
axons and promote proper directionality (Pinto-Costa et al.,
2020). Signal transduction in the growth cones depends on
factors such as the Rho subfamily of Ras-related GTPases
(Tanaka and Sabry, 1995), while numerous ABPs such as Cofilin
1 (Cfl1), Profilins, and Ena/VASP family members are essential
for actin reorganization (Dent et al., 2011).

The cytoskeleton during synapse
formation and plasticity

Upon reaching the appropriate synaptic target, axonal
growth cones cease to explore the environment and axons
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attenuate their growth, initiating the formation of branches
and ultimately presynaptic sites, with crucial cytoskeletal
rearrangements (Kevenaar and Hoogenraad, 2015). Specifically,
NGF-mediated localized debundling of MTs promotes the
formation of axon branches, whereas actin assembly contributes
to the stabilization of the branch (Ketschek et al., 2015).
Cytoskeletal rearrangements are also pivotal in dendritic spines,
although the proper function of neuronal circuits strongly
depends on the capacity of spines to remain in a stable state for
long periods of time. Numerous studies point to the significance
of dynamic molecular and subsequent structural reorganization
of spines for circuit plasticity during learning (Grutzendler et al.,
2002; Trachtenberg et al., 2002; Yang et al., 2009; Hayashi-Takagi
et al., 2015; Li et al., 2017). Synaptic activity regulates dendritic
spine morphology by influencing the reorganization of MTs and
F-actin in both the developing and adult NS (Gordon-Weeks
and Fournier, 2014). The balance between polymerization and
depolymerization of actin networks is essential in synaptic
plasticity, inducing activity-dependent structural alterations in
dendritic spines (Hotulainen and Hoogenraad, 2010). On the
other hand, MTs in the dendritic shafts also undergo rapid
structural changes that are necessary for spine plasticity and
maintenance of proper spine structure (Jaworski et al., 2009;
Merriam et al., 2011, 2013). On top of their structural role
though, both actin and microtubule filaments have been shown
to be of utmost importance for the tethering and stabilization
of dendritic mitochondrial compartments, which provide spines
with the fuel required for synaptic local translation and plastic
responses (Rangaraju et al., 2019).

The cytoskeleton during axon
regeneration

Successful axon regeneration, following trauma induced
by mechanical injury or a neurodegenerative disease, strongly
relies on the capacity of the cytoskeleton for rapid and
coordinated rearrangements (Kevenaar and Hoogenraad, 2015).
One of the reasons why adult CNS axons fail to regenerate
after injury is the inhibitory microenvironmental cues that
ultimately suppress cytoskeletal reorganizations, required for
axon regrowth (Gordon-Weeks and Fournier, 2014). Upon
CNS injury, the retraction bulbs that are formed at the tips of
the injured neurons are dystrophic and growth-incompetent,
comprised of a severely disorganized cytoskeleton (Ertürk
et al., 2007). Conversely, the bulbs that are formed at the
tips of injured PNS neurons consist of a highly organized
and appropriately bundled network of MTs and dynamic actin
structures, which resemble a developmental growth cone and
can promote axon regrowth and regeneration (Gordon-Weeks
and Fournier, 2014). Inhibitory molecules converge upon
the neuronal cytoskeleton by initiating intracellular signaling
cascades that hinder axonal regrowth. The small GTPase RhoA,

as well as its downstream effector Rho Kinase (ROCK), are
central mediators of the actin cytoskeleton, regulating inhibitory
signaling pathways that limit regeneration (Alabed et al., 2006;
McKerracher and Higuchi, 2006). Various inhibitory ligands
activate RhoA-mediated cascades, therefore blocking axonal
repair. Several studies have indicated that RhoA or ROCK
inhibition improves axonal regeneration by enhancing the
in vitro and in vivo regrowth of injured CNS neurons on
repellent substrates (Wahl et al., 2000; Dergham et al., 2002;
Borisoff et al., 2003; Fournier et al., 2003; Yukawa et al.,
2005; Alabed et al., 2006). Therefore, RhoA inhibitors display
therapeutic potential and are currently used in clinical trials
aiming to enhance axonal regeneration after spinal cord injury
(Fehlings et al., 2011; Pinto-Costa et al., 2020).

The cytoskeleton in transport

Besides its crucial aforementioned roles, the cytoskeleton is
an essential element for the active transport of a plethora of
molecular cargoes along the significantly extended projections
of neurons. Neuronal homeostasis, axonal polarization and
outgrowth, synaptic function, and regeneration of axons after
injury are all processes that rely on cytoskeleton-dependent
transport. Conserved mechanisms of active motor protein-
mediated transport are crucial for the proper distribution of
various types of cargoes, such as axonal proteins, mRNAs,
signaling molecules, vesicles, and organelles, at specific locations
within the axons and dendrites (Broix et al., 2021). Three
types of motor proteins mediate the cytoskeletal transport of
the aforementioned cargoes: Myosins, kinesins, and dyneins.
Kinesin is responsible for the anterograde long-range transport
(from the soma to the synapse) of cargoes along the MTs,
while dynein is involved in the retrograde long-range transport
(from the synapse to the soma) (Hirokawa et al., 2010). In
contrast to the previous motor proteins, myosin moves along
the actin filaments of the cytoskeleton and facilitates short-range
transport (Vale, 2003). Notably, dynein-dependent retrograde
axonal transport is one of the first cellular processes activated
after NS injury, in order for neurons to induce a regenerative
response (Broix et al., 2021).

Coordination between local
translation and cytoskeletal
remodeling

It is more than evident that cytoskeletal dynamics are crucial
for proper architecture, function, and regeneration of the NS,
and indeed, numerous studies have linked cytoskeletal defects to
the emergence of neurodevelopmental and neurodegenerative
diseases (Kevenaar and Hoogenraad, 2015). Concomitantly,
local protein synthesis is pivotal for neuronal homeostasis, with
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an increasing number of studies unraveling its role during
development, plasticity, and regeneration. The two processes are
essentially interrelated and it has been recently demonstrated
that cytoskeletally-tethered mitochondria exist in dendrites, as
local energy booths that fuel local translation in synapses and
potentially other neuronal compartments (Rangaraju et al.,
2019). However, what remains poorly understood up to date, are
the molecular mechanisms neurons utilize to co-regulate local
protein synthesis and cytoskeletal remodeling, when rapidly
responding to stimuli.

The CYFIP1 complexes

The FMRP-CYFIP1 ribonucleoprotein complex
One of the best-characterized mechanisms that coordinate

cytoskeletal remodeling and local translation involves the
FMRP-CYFIP1 RNP complex. The cytoplasmic fragile X mental
retardation protein (FMRP) interacts with the Cytoplasmic
FMRP Interacting Protein (CYFIP1), also known as Specific
Rac1-Activated protein (SRA1), forming a heterodimer
ribonucleoparticle that represses protein synthesis (Kobayashi
et al., 1998; Schenck et al., 2001, 2003; Napoli et al., 2008).
FMRP is an RBP implicated in mRNA translation, localization,
and stability (Bagni and Greenough, 2005; Zalfa et al., 2007;
Zhang et al., 2007). It is the encoded protein product of
the X-linked fragile X mental retardation 1 (fmr1) gene.
FMRP interacts with specific mRNA molecules by recognizing
domains such as G quartets and/or U-rich sequences, or via
small non-coding RNA adaptors and miRNAs (Napoli et al.,
2008). It influences the dendritic targeting of mRNAs and
regulates mRNA translation and decay in the neuronal soma
and at synapses (Bassell and Warren, 2008; Dictenberg et al.,
2008). The other crucial partner of the FMRP-CYFIP1 RNP
complex is CYFIP1, a protein that regulates both cytoskeletal
dynamics and protein translation. FMRP tethers specific
mRNAs to CYFIP1, which in turn interacts and binds to
the cap-binding eukaryotic initiation factor 4E (eIF4E) and
inhibits the initiation of translation (Napoli et al., 2008; De
Rubeis et al., 2013). Extracellular cues, like BDNF, and synaptic
activity result in the release of CYFIP1 from eIF4E and from
bound mRNAs, promoting the initiation of mRNA translation
(Napoli et al., 2008). Protein synthesis can then begin after
the eukaryotic initiation factor 4G (eIF4G) binds to eIF4E,
promoting the recruitment of other initiation factors and
ribosomal proteins (Santini et al., 2017). Several mRNAs
have been identified to be translationally inhibited by the
FMRP-CYFIP1 complex in the mammalian brain, including
map1b, camkII, arc, and app. Indeed, the absence of any of
the two, CYFIP1 or FMRP, has been associated with increased
translation levels of the aforementioned mRNAs (Zhang et al.,
2001; Zalfa et al., 2003; Lu et al., 2004; Hou et al., 2006;
Westmark and Malter, 2007; Napoli et al., 2008). In dendrites

and synapses, BDNF promotes the FMRP-CYFIP1-mediated
translation of arc/arg3.1 and camkII (Aakalu et al., 2001; Yin
et al., 2002; Zalfa et al., 2003; Schratt et al., 2004; Napoli et al.,
2008).

The CYFIP1-WRC complex
Besides the FMRP-CYFIP1-eIF4E complex, CYFIP1 has

also been identified as part of the WAVE Regulatory Complex
(WRC). WRC is implicated in actin polymerization by
regulating the actin-nucleating activity of the Arp2/3 complex
(Schenck et al., 2001; Kunda et al., 2003; Napoli et al., 2008;
De Rubeis et al., 2013). It is a heteropentamer, containing
WAVE1/2/3, ABI1/2, NCKAP1, and HPSC300, and can be
activated through kinases and phospholipids, as well as through
the small Rho GTPase Rac1, which induces a CYFIP1-mediated
activation of WRC (Kobayashi et al., 1998; Eden et al., 2002;
Takenawa and Suetsugu, 2007; Chen et al., 2010).

Both CYFIP1 complexes are crucial for proper synaptic
function, since they establish a fine balance between cytoskeletal
reorganization and mRNA translation. The incorporation of
CYFIP1 in each complex relies on the capacity of CYFIP1
to undergo conformational changes. Specifically, a more
globular CYFIP1 conformation is required for the assembly
of the FMRP-CYFIP1-eIF4E complex, while a planar form is
suitable for the recruitment of CYFIP1 to the WRC (Chen
et al., 2010; De Rubeis et al., 2013). This conformational
change of CYFIP1 is promoted by factors such as BDNF.
BDNF administration results in a Rac1 signaling-mediated
conformational transition of CYFIP1 from globular to planar
(De Rubeis et al., 2013). This reduces the amount of CYFIP1
interacting with FMRP and, as a result, enhances protein
synthesis of key regulators of synaptic plasticity, such as ARC
(De Rubeis et al., 2013). Concomitantly, it increases the pool of
CYFIP1 recruited on the WRC, promoting actin cytoskeleton
rearrangements, necessary for proper spine morphology and
function (De Rubeis et al., 2013).

Perturbations in the balance of these two CYFIP1
interconnected pathways are associated with spine
dysmorphogenesis, a recurrent feature of several
neuropsychiatric disorders (Penzes et al., 2011; De Rubeis
et al., 2013). In particular, loss of function of FMRP causes
the Fragile X Syndrome (FXS), a common inherited ID,
also implicated in the emergence of ASD (Hatton et al.,
2006; Jacquemont et al., 2007; Bassell and Warren, 2008).
At the cellular level, FXS is characterized by deficient
synaptic maturation, while patients with FXS display
dendritic spine defects, autistic-like phenotypes, and
neurodevelopmental delays (Irwin et al., 2002; Jacquemont
et al., 2007). A model proposed by Napoli et al. (2008)
suggests that in the absence of FMRP, there would be
decreased binding of CYFIP1 to FMRP target mRNAs and
subsequent alleviation of translational inhibition. This would
result in abnormally high levels of proteins whose synthesis
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undergoes FMRP regulation (Napoli et al., 2008). Since a
wide array of mRNAs is regulated by FMRP, the simultaneous
dysregulation of numerous proteins may contribute to the
emergence of FXS (Brown et al., 2001; Miyashiro et al.,
2003; Liao et al., 2008; Darnell et al., 2011; Klemmer et al.,
2011).

cyfip1 is located at the 15q11.2 chromosomal locus, a
hot-spot for ASD. Mutations that lead to downregulation
of cyfip1 mRNA levels have been associated with cognitive
disabilities and ASD (Doornbos et al., 2009; van der Zwaag
et al., 2010; Cooper et al., 2011; von der Lippe et al., 2011).
In addition, downregulation of the cyfip1 mRNA has been
observed in a subgroup of FXS patients who display a Prader-
Willi-like phenotype, severe ASD, and obsessive-compulsive
behavior (Nowicki et al., 2007; De Rubeis et al., 2013).
CYFIP1 has also been linked to SCZ (Tam et al., 2010; Zhao
et al., 2013). Depletion of CYFIP1 negatively influences ARC
synthesis and actin polymerization, severely affecting spine
morphology (De Rubeis et al., 2013). Not only CYFIP1 but
also a plethora of CYFIP1 interactors, among which NCKAP1
and eIF4E, are implicated in disorders with a broad range of
clinical manifestations, such as ID, ASD, and SCZ (Nowicki
et al., 2007; Doornbos et al., 2009; Neves-Pereira et al.,
2009; Tam et al., 2010; Cooper et al., 2011; Zhao et al.,
2013).

Genetic ablation of the WRC components is also associated
with defective rearrangements of the actin cytoskeleton, which
negatively influence dendritic spine homeostasis, morphology,
and excitability (Grove et al., 2004; Wiens et al., 2005; Kim
et al., 2006; Soderling et al., 2007). Regarding the potential
therapeutic strategies for these synaptopathies, Santini et al.
(2017) proposed an interesting viewpoint related to the
treatment of FXS. Particularly, they showed that treating FXS
mice with 4EGI-1, which blocks interactions between eIF4E and
eIF4G that are required for protein synthesis, reverses defects
in hippocampus-dependent memory and spine morphology
(Santini et al., 2017). Since the aberrant increase in the levels
of many proteins is associated with the emergence of FXS, the
targeting of translation initiation factors may be a promising
therapeutic plan.

The mena-ribonucleoprotein complex

Another important player involved in cytoskeletal dynamics
and local translation is the Enabled/Vasodilator-Stimulated
Phosphoprotein (Ena/VASP) family. Three Ena/VASP family
members are found in vertebrates: Mena (Mammalian-
Enabled), VASP (Vasodilator-Stimulated Phosphoprotein),
and EVL (Ena-VASP like). The Ena/VASP proteins contain
two conserved domains: the N-terminus EVH1 (Ena-VASP
Homology 1) and the C-terminus EVH2. The EVH1 domain
binds to proteins with FPPPP (FP4) repeats and is crucial

for cellular localization (Bilancia et al., 2014; Harker et al.,
2019). EVH2 is composed of an F-actin binding domain
(FAB), a G-actin binding domain (GAB), and a C-terminal
coiled-coil tetramerization domain (Bachmann et al., 1999;
Walders-Harbeck et al., 2002). Between EVH1 and EVH2,
there is a central poly-proline region that binds the monomer-
binding protein profilin 1 (PFN1) (Ferron et al., 2007; Hansen
and Mullins, 2010; Harker et al., 2019), which is necessary
for both Arp2/3 and Ena/VASP function (Skruber et al.,
2020). All Ena/VASP members display actin filament anti-
capping and barbed-end elongation enhancement activity
(Barzik et al., 2005; Hansen and Mullins, 2010; Breitsprecher
et al., 2011; Winkelman et al., 2014; Havrylenko et al.,
2015), which renders them crucial for lamellipodia-based
motility and the assembly of filopodia (Grevengoed and
Peifer, 2003; Gates et al., 2007; Kwiatkowski et al., 2007;
Tucker et al., 2011; Havrylenko et al., 2015). At the initial
stage of filopodia assembly, Ena/VASP proteins localize at
the edge of the lamellipodia protrusions and facilitate the
formation of straight, long actin filaments (Bear et al., 2002;
Svitkina et al., 2003; Barzik et al., 2005; Applewhite et al.,
2007; Bear and Gertler, 2009; Winkelman et al., 2014; Harker
et al., 2019). Their localization at the tips of newly formed
and mature filopodia promotes the subsequent assembly
of fascin-bundled filaments of the same length (Svitkina
et al., 2003; Winkelman et al., 2014; Harker et al., 2019).
The capacity of Ena/VASP proteins to bind G-actin, F-actin,
and profilin and, hence, deliver monomers from the actin-
binding sites to the growing barbed ends of actin filaments,
is crucial during these processes and enhances motility
and protrusion (Chereau and Dominguez, 2006; Ferron
et al., 2007; Hansen and Mullins, 2010; Breitsprecher et al.,
2011).

Given their pivotal roles in actin-remodeling, Ena/VASP
proteins are key players during cell movement and adhesion.
Especially in the NS, numerous genetic studies have shown
that the Ena/VASP family members are critical factors for
neurulation, neuritogenesis, migration, axon guidance and
branching, and synapse formation (Lanier et al., 1999; Lebrand
et al., 2004; Menzies et al., 2004; Li et al., 2005; Dwivedy et al.,
2007; Kwiatkowski et al., 2007; Lin et al., 2007; McConnell et al.,
2016). Neurons deficient for Ena/VASP proteins fail to respond
to axon guidance cues that elicit both local translation and actin
reorganization in axons, such as Netrin and Slit (Lanier et al.,
1999; Lebrand et al., 2004; Menzies et al., 2004; McConnell et al.,
2016).

Regarding the role of the Ena/VASP family in local
mRNA translation, recent findings point to a Mena-dependent
regulation. Mena (ENAH), being an actin-regulatory protein,
has been implicated in integrin-mediated signaling, cell motility,
and adhesion in the developing and adult NS (Drees and
Gertler, 2008; Gupton and Gertler, 2010; Gupton et al., 2012).
A recent study by Vidaki et al. (2017) revealed an additional
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role of Mena as a regulator of both steady-state and BDNF-
induced local translation in axons. Mena was found to associate
with multiple RBPs and is a main component of a novel
RNP complex involved in localized mRNA translation in axons
(Vidaki et al., 2017). This complex contains known regulators
of translation, like HnrnpK, Pcbp1, and additional RBPs, as
well as specific cytosolic mRNAs involved in NS development
and function, such as dyrk1a (Vidaki et al., 2017). Notably,
Dyrk1a is a dosage-sensitive, dual-specificity kinase important
in neuronal development and implicated in the emergence of
ASD, ID, Down syndrome, and Parkinson’s disease (Tejedor
and Hämmerle, 2011; O’Roak et al., 2012; Qian et al., 2013;
Krumm et al., 2014; Coutadeur et al., 2015; Di Vona et al.,
2015; van Bon et al., 2016). Although the localization, and
thus axonal transport of dyrk1a mRNA is not affected in
the absence of Mena, translation of the mRNA is Mena-
dependent, and the study revealed a significant decrease in
Dyrk1a protein levels, both locally in axons, and globally in
Mena-null developing brains (Vidaki et al., 2017). HnrnpK
and PCBP1 can form complexes that bind to the 3′-UTRs
of target mRNAs, inhibiting the initiation of translation,
therefore Mena could be required for the disassembly of the
RNP and de-repression of translation (Gebauer and Hentze,
2004; Vidaki et al., 2017). This hypothesis, combined with
the facts that both Mena and HnrnpK are implicated in
synapse formation and plasticity and that Mena-deficient mice
exhibit severe axon guidance defects, highlights the significance
of Mena in NS formation and function. Mena’s capability
of binding to different growth cone receptors, and its dual
role in regulating actin rearrangements and local proteins
synthesis, could act as a balancing force between the two
processes, coupling and coordinating them on spatiotemporal
demand (Lanier et al., 1999; Giesemann et al., 2003; Li et al.,
2005; Folci et al., 2014; McConnell et al., 2016; Vidaki et al.,
2017).

The DCC cell-surface receptor

The DCC (Deleted in colorectal cancer) receptor is another
example of a molecule that could coordinate local mRNA
translation and cytoskeletal reorganization, downstream of
Netrin-1 signaling. DCC is a ∼185 kD protein encoded by
the DCC gene, which is located on chromosome 18q (Keino-
Masu et al., 1996). It is a single-pass transmembrane receptor
for the extracellular factor Netrin-1, facilitating important
functions related to axonal and dendritic growth, guidance,
and targeting during development (Keino-Masu et al., 1996;
Fazeli et al., 1997; Parent et al., 2005; Tcherkezian et al.,
2021). Its extracellular portion contains six fibronectin type III
(FN1-FN6) domains and four immunoglobulin-like domains,
whereas its intracellular part is comprised of three domains,
P1, P2, and P3 (Kolodziej et al., 1996; Finci et al., 2017).

DCC can be found in various neuronal populations, expressed
across the lifespan of many species, including humans, but
its levels decrease dramatically following the transition from
embryonic life to adulthood (Manitt et al., 2011; Horn
et al., 2013; Reyes et al., 2013; Torres-Berrio et al., 2020).
This decrease is accompanied by a change in the role of
DCC-mediated signaling, which henceforth is crucial for
neuronal survival, and the organization and refinement of
large neuronal circuits (Torres-Berrio et al., 2020). Netrin-1,
a member of the laminin superfamily, is a secreted protein
that binds to the FN4 and FN5 domains of DCC and
promotes local protein synthesis and reorganization of the
actin cytoskeleton (Torres-Berrio et al., 2020; Tcherkezian
et al., 2021). Upon Netrin-1 binding, DCC serves as a
platform for the assembly of a multicomponent complex,
where numerous intracellular components associated with
the translation initiation machinery are recruited (Torres-
Berrio et al., 2020; Tcherkezian et al., 2021). Regulation of
local translation is mediated by factors such as the Nck-1
adaptor protein and the ribosomal protein L5, which link
DCC to the large and small ribosomal subunits (Tcherkezian
et al., 2021). Nck-1 activates Src family kinases and Rho
GTPases, enhancing the release of Ca2+ and initiating local
translation and actin cytoskeleton rearrangements (Torres-
Berrio et al., 2020). The cytoplasmic domain of DCC also
interacts with eukaryotic initiation factors (eIFs) such as
eIF4E, which facilitates the recruitment of mRNAs in the
preinitiation translation complex, 80S ribosomes, ribosomal
subunits 40S and 60S, and various signal transduction proteins
implicated in translational control (Tcherkezian et al., 2021).
In parallel, Netrin-1-binding to DCC activates PKA that leads
to Ena/VASP-dependent actin polymerization, and initiates a
signaling cascade that results in Wave-Arp2/3-dependent actin
filament branching (Lebrand et al., 2004; Bouchard et al., 2008;
Boyer and Gupton, 2018). Therefore, DCC poses as a compelling
molecule that coordinates cytoskeletal remodeling and local
mRNA translation downstream of Netrin-1, leading to tightly
regulated neuronal responses.

Additional guidance receptors, like Robo2/3 that binds Slit2
and Nrp1 that binds Sema3A, elicit local translation during
axon development, as well as cytoskeletal reorganization (Piper
et al., 2006; Leung et al., 2013; Bellon et al., 2017; Russell
and Bashaw, 2018). However, their mechanism of function
is either indirect, or elusive, with respect to the immediate
coordination of the two processes, and thus they will not be
discussed further.

The APC-ribonucleoprotein complex

An additional molecular network that appears to co-regulate
and interrelate local protein synthesis and MT filaments, is
the APC-RNP complex. Adenomatus Polyposis Coli (APC) was
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initially identified as a tumor suppressor, mutated in numerous
human colon carcinomas and brain tumors (Powell et al., 1992;
Sieber et al., 2002; Green and Kaplan, 2003; Kawasaki et al., 2003;
Attard et al., 2007). Structurally, APC is a large scaffold protein
with binding domains for several protein targets (Preitner et al.,
2014). It is also an MT plus-end tracking protein (+ TIP),
involved in the regulation of MT dynamics, playing important
roles in cell polarity, adhesion, axon migration, and regulation
of the cytoskeleteon (Shi et al., 2004; Watanabe et al., 2004;
Etienne-Manneville et al., 2005; Kita et al., 2006; Koester et al.,
2007; Purro et al., 2008). In migrating cells, APC has been
observed at the ends of detyrosinated MTs (Glu-MTs), where it
associates with a minority of MTs toward the leading edge of
growing cellular protrusions, promoting MT assembly (Näthke
et al., 1996; Mimori-Kiyosue et al., 2000; Wen et al., 2004; Mili
et al., 2008).

Apart from regulating MT dynamics, APC associates with
both mRNAs and RBPs and forms APC-RNPs involved in
local mRNA translation (Mili et al., 2008; Preitner et al.,
2014). A genome-wide study by Mili et al. (2008) in migrating
fibroblasts revealed a function of APC in RNA localization, as
well as a novel RNA anchoring mechanism. They specifically
proposed that APC is a component of RNP complexes that
contain localized RNAs, pabp1 and fmrp, and is required
for accumulation and anchoring of mRNA transcripts in
pseudopodial protrusions (Mili et al., 2008). These transcripts
are anchored in granules located at the plus ends of Glu-MTs
via their 3′-UTRs (Mili et al., 2008). Another genome-wide
study by Preitner et al. (2014) in native brain tissue identified
APC as an RBP, which serves as a binding platform for a wide
array of functionally related protein and mRNA targets. Among
these molecular targets are β-catenin,β-actin, and importin-
β, which are known to be locally translated in axons and in
the leading edge of migrating cells, as well as β2B-tubulin
(Hanz et al., 2003; Condeelis and Singer, 2005; Jones et al.,
2008; Preitner et al., 2014). β2B-tubulin (Tubb2b) is a tubulin
isotype implicated in cortical neuron migration and axon tract
formation in humans (Jaglin et al., 2009; Cederquist et al.,
2012; Romaniello et al., 2012; Preitner et al., 2014). Preitner
et al. (2014) suggested a model where APC can induce MT
polymerization partially by directing the local protein synthesis
of β2B-tubulin in the periphery of MT growing ends. To do
so, APC initally binds to the 3′-UTR of β2B-tubulin mRNA
in order to facilitate its translocation to the dynamic MTs,
located in the axonal growth cone’s periphery (Preitner et al.,
2014). Subsequently, APC acts as a positive regulator of local
translation, promoting β2B-tubulin protein synthesis (Preitner
et al., 2014). This axonal enrichment of β2B-tubulin protein
at the periphery influences MT dynamics by promoting their
further extension and thus contributing to the formation of
the axonal growth cone’s expanded structure (Preitner et al.,
2014). APC functions have also been implicated in the canonical
Wnt/β-catenin signaling pathway, which is known to regulate

gene transcription (Rubinfeld et al., 1993; Zeng et al., 2005;
Clevers and Nusse, 2012). In accordance with this fact, Preitner
et al. (2014) showed that APC binds β-catenin mRNA, as well as
the mRNAs of several other proteins involved in Wnt/β-catenin
signaling, supporting the notion that APC might significantly
influence this specific pathway. An additional study from Yasuda
et al. (2013) further specifies the way APC mediates local
translation. The group showed that Fus is a component of APC-
RNPs that preferentially affects protein synthesis within cellular
protrusions, and they specifically revealed that local protein
synthesis from APC-RNPs can take place within cytoplasmic
Fus granules (Yasuda et al., 2013).

In accordance with its roles in MT dynamics and translation,
and therefore in numerous aspects of neuronal cell biology,
disruption or loss of APC function has been associated with
impaired polarization and cell migration, and has also been
implicated in neurological disorders, such as SCZ and autism
(Etienne-Manneville and Hall, 2003; Watanabe et al., 2004;
Kroboth et al., 2007; Kalkman, 2012).

Zipcode binding protein

Zipcode binding protein (ZBP1) is an oncofetal protein
that belongs to a family of highly conserved RBPs and is
crucial for proper NS development (Nicastro et al., 2017).
Three paralogs are found in vertebrates: IMP1/ZBP1, IMP2,
and IMP3/VgRBP (Yisraeli, 2005). In neurons, ZBP1 and
VgRBP are localized in growth cones and associate with β-
actin transcripts (Zhang et al., 2001; Leung et al., 2006; Yao
et al., 2006; Welshhans and Bassell, 2011). ZBP1 contains
four hnRNP K-homology domains and two RNA recognition
motifs (Nielsen et al., 1999; Yisraeli, 2005). Normally, ZBP1 is
highly expressed in embryos, and reduced levels, or impaired
protein function hinders embryonic development and results in
a smaller cerebral cortex (Nishino et al., 2013). In developing
neurons, ZBP1 regulates dendritic morphology, growth cone
guidance, and axonal remodeling (Eom et al., 2003; Leung
et al., 2006; Sasaki et al., 2010; Welshhans and Bassell, 2011;
Medioni et al., 2014). To do so, ZBP1 interacts with a wide
array of mRNAs (Jønson et al., 2007; Hansen and Mullins,
2010; Patel et al., 2012; Conway et al., 2016; Hafner et al.,
2019). This interaction is required for translational regulation,
transport, and maintenance of mRNAs, with the most-studied
one being that of β-actin (Leeds et al., 1997; Hüttelmaier
et al., 2005; Leung et al., 2006; Weidensdorfer et al., 2009;
Conway et al., 2016). Despite the fact that ZBP1 does
not directly associate with the cytoskeleton, its role in the
precise localization and translation of β-actin renders it worth
mentioning herein.

β-actin is a crucial factor during neuronal development,
favoring actin polymerization, cellular remodeling, and
migration (Jung et al., 2014; Nicastro et al., 2017). For
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instance, in the growth cones of developing axons, local
β-actin synthesis is essential in steering (Welshhans and
Bassell, 2011). Localization of β-actin mRNA to subcellular
sites of actin polymerization requires ZBP1 (Lawrence and
Singer, 1986). ZBP1 binds to “zipcode,” a conserved 54-
nucleotide element in the 3′-UTR of the β-actin mRNA and
facilitates its translocation to actin-rich protrusions, such as
the developing neuronal growth cone (Farina et al., 2003;
Hüttelmaier et al., 2005). A study of Hüttelmaier et al. (2005) in
NG108-15 neuroblastoma cells describes the best characterized
mechanism of ZBP1-regulated translation of the β-actin
mRNA. In particular, they proposed that ZBP1 associates with
the β-actin transcript through the assembly of a localized
mRNA-protein complex in the nucleus. Subsequently, ZBP1
mediates transport of the β-actin mRNA to the cytoplasm
in a translationally repressed state (Hüttelmaier et al., 2005).
This ZBP1-mediated inhibition of translation prevents
premature protein synthesis. Translation can then occur
when the ZBP1-RNA complex reaches its destination at the
cell edge. Once at the periphery of the cell and in response
to extracellular cues, ZBP1 can be phosphorylated by the
protein kinase Src in a key tyrosine residue necessary for
ZBP1’s RNA binding capacity (Hüttelmaier et al., 2005).
This phosphorylation interferes with RNA binding and
alleviates translational repression by decreasing ZBP1’s
affinity to β-actin mRNA. Consequently, the β-actin mRNA
can then be released and translated. The local increase in
β-actin protein levels favors actin polymerization, cellular
remodeling, and migration (Jung et al., 2014; Nicastro et al.,
2017).

Another study by Welshhans and Bassell (2011), in
ZBP1 deficient (ZBP1-/-) cortical neurons, demonstrates
a genetic requirement for ZBP1 in local translation of β-
actin and axon guidance. Especially following stimulation
with cues like Netrin-1 and BDNF that elicit local mRNA
translation and cytoskeletal rearrangements, the axonal
growth cones of ZBP1-/- neurons exhibit attenuated
localization of β-actin transcripts, as well as impaired
β-actin local protein synthesis (Welshhans and Bassell,
2011). Furthermore, both filopodial dynamics and axon
guidance are impaired in ZBP1-/- cortical neurons (Welshhans
and Bassell, 2011). This is not a surprising consequence
of ZBP1’s depletion (and subsequent β-actin translation
impairment) since β-actin is mostly involved in filopodial
dynamics (Suter and Forscher, 2000). Improper enrichment
of β-actin protein in the growth cone is associated with
impaired filopodial dynamics and axon guidance defects
(Welshhans and Bassell, 2011).

Notably, ZBP1 has also been identified as a downstream
mediator of non-canonical Sonic hedgehog (Shh) signaling
during commissural axon guidance and providing the first link
between Shh and growth cone cytoskeleton rearrangements

(Lepelletier et al., 2017). Shh guides spinal cord commissural
axons by attracting them toward the floorplate (Lepelletier
et al., 2017). Local protein synthesis in response to Shh
is the main driving force during this process. A study of
Lepelletier et al. (2017) in rat commissural axons revealed that
upon Shh stimulation, phospho-ZBP1 levels are increased in
the growth cones. They also observed that Shh stimulation
of axons that have been removed from the cell bodies
results in increased β-actin protein levels in the growth
cones (Lepelletier et al., 2017). On the other hand, depletion
of ZBP1 in vivo results in commissural axon guidance
defects (Lepelletier et al., 2017). Therefore, they suggest a
model where stimulation of growth cones by Shh gradients
induces ZBP1 phosphorylation and subsequent translation
of its mRNA cargo, thereby allowing the growth cones to
respond to Shh in a spatially defined manner (Lepelletier
et al., 2017). Taking everything into account and considering
the fact that ZBP1 can also bind to other mRNA molecules,
such as the actin-related proteins (Arp) mRNAs which are
involved in actin polymerization, ZBP1 seems to be a crucial
factor for cytoskeleton dynamics by regulating local protein
synthesis of specific cytoskeletal components and mediators
(Jønson et al., 2007).

The Shot-Kra complex

A study by Lee et al. (2007) highlights a new mechanism of
how local mRNA translation can be coupled with cytoskeletal
reorganization in the commissural neurons of Drosophila
melanogaster. Short stop (Shot) is a neuronally expressed protein
that constitutes a member of the cytoskeleton-associated plakin
family in D. melanogaster (Lee and Kolodziej, 2002). Shot binds
to, cross-links, and organizes both MTs and F-actin, thereby
linking cytoskeletal structures together (Lee and Kolodziej,
2002; Sonnenberg and Liem, 2007). Krasavietz (KRA; also
known as Extra bases) on the other hand is a novel Shot
interactor identified in D. melanogaster (Lee et al., 2007). It
contains a W2 motif which is also found in eIF5 and eIF2Bε,
two translation initiation factors that regulate the activity of the
heterotrimeric GTP-binding protein eIF2 (Lee et al., 2007). In
its GTP-bound form, eIF2 is required for the recruitment of the
initiator tRNA to the small (40S) ribosomal subunit (Howe and
Hershey, 1984; Gavrilova et al., 1987). eIF2Bε and eIF5 regulate
the activity of eIF2 by mediating GDP-GTP exchange and GTP
hydrolysis (Chakrabarti and Maitra, 1991; Huang et al., 1997;
Gomez et al., 2002; Kershaw et al., 2021).

Lee et al. (2007) conducted genetic complementation assays
in D. melanogaster to highlight the crucial roles of Shot and
Kra in midline axon guidance, a process highly dependent on
Slit signaling via the Robo receptor. Based on their proposed
model, Shot could serve as a cytoskeleton-localized platform for
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FIGURE 1

Schematic representation of the complexes discussed herein, with respect to basic components and spatial distribution in axonal growth cones
(left) and synaptic spines (right). Note the regulatory complexes that have been reported and could potentially affect local protein synthesis and
cytoskeletal rearrangements in both compartments, like the DCC receptor and the Mena-RNP. ZBP1 and the APC-RNP have been extensively
studied in axons, whereas the CYFIP1-FMRP-RNP has been primarily examined in synapses. Potential crosstalk between the pathways remains
elusive, although the direct or indirect association of receptors like DCC and Robo with Mena, or the WRC has been previously reported
(Menzies et al., 2004; McConnell et al., 2016; Zou et al., 2018).

eIF2β and Kra, blocking eIF2β-mediated translation initiation
in growth cones upon Slit-Robo repulsive signaling (Lee et al.,
2007). They specifically found that Kra binds to the β-subunit
of eIF2 through its W2 domain and associates with the growth
cone cytoskeleton by physically interacting with Shot (Lee
et al., 2007). In vitro, Kra inhibits global translation, suggesting
a potential competition with eIF2Bε or eIF5 or both, for
binding to eIF2β and blocking the initiation of translation
by inhibiting the recruitment of the initiator tRNA to the
40S ribosomal subunit (Lee et al., 2007). Additionally, ectopic
midline crossing defects due to loss of function mutations
showed that eIF2β, as well as the W2 domain of Kra and
the F-actin binding domain of Shot are crucial for proper
midline axon guidance (Lee et al., 2007). Taken together, their
study revealed that Slit-mediated midline repulsion requires the
assembly of a functional, inhibitory, Shot-Kra-eIF2β translation
complex that needs to be connected to the F-actin network
to ensure proper function in the neuronal growth cone (Lee
et al., 2007). Therefore, Shot can serve both as a cytoskeleton
organizer and as a scaffold for translation regulators involved in
midline axon guidance.

Although the Shot-Kra-eIF2β complex inhibits protein
synthesis, it could have an alternative role in activating
the translation of specific mRNAs. An interesting viewpoint
regarding this potential additional function was described by
Van Horck and Holt (2008). Based on the aforementioned
model, Slit-induced repulsion would promote the translational
activation of mRNAs that influence cytoskeletal disassembly,
as well as the translational repression of mRNAs involved in
cytoskeletal assembly. Thus, they hypothesized that the Shot-
Kra-eIF2β complex could contribute to fine-tuning the balance
between local mRNA translation repression and activation
during midline axon guidance (Van Horck and Holt, 2008).

Interestingly, the mammalian homologs of Shot, namely,
MACF1 and dystonin, are strongly expressed in the NS where
they execute essential functions during development, as well
as during maintenance/aging (Voelzmann et al., 2017). They
interact with all cytoskeletal elements and affect important
regulators of axonal MT, such as Tau and Map2. Although their
function has not been studied with respect to mRNA translation,
dystonin loss was reported to reduce levels of Tau and Map2
proteins, but not mRNAs, which could imply a potential role
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in translational control, alongside with their well-characterized
function in cytoskeletal organization (Voelzmann et al., 2017).

Concluding remarks

The highly polarized morphology and function of
neurons is tightly bound to extremely complex, yet finely
tuned intracellular processes, and precisely coordinated
molecular mechanisms. Local mRNA translation, namely
the ability of neurons to synthesize their proteins in situ
and independently of the soma, is an astounding example of
such sophisticated mechanisms. It enables remote axonal and
dendritic subcellular compartments to remodel their proteome
promptly and in response to local demand, allowing immediate
responses to changes in the extracellular environment. It
is not surprising therefore, that aberrant local translation
in neuronal distal compartments has been correlated with
numerous neurodevelopmental and neurodegenerative
disorders, as well as the ability of axons to regenerate after
injury. However, our current understanding of the mechanisms
that regulate local mRNA translation is quite limited. On
the other hand, the cytoskeleton is intrinsically linked to
all aspects of NS development, maintenance, and function.
Rapid rearrangements of cytoskeletal elements are required
for neurons to be able to migrate, navigate their axons to
synaptic targets, form and maintain synapses, and recover
from traumatic injury. Therefore, it is not surprising that the
regulation of the cytoskeleton has been extensively studied
throughout the years, and numerous works have contributed
to our understanding of filament formation, elongation,
branching, and stability, as well as their implication to motility,
guidance, synaptogenesis, and plasticity in the NS.

Given the innate connection of local mRNA translation
and cytoskeletal reorganization, especially for prompt plastic
responses to environmental stimuli, it is self-evident for neurons
to retain common regulatory mechanisms for the sake of
time and energy consumption. Yet, our current knowledge
on those mechanisms and their coordination is very limited.
A lot of effort has been put into uncovering specific mRNAs
that are locally translated in different neuronal compartments,
in an attempt to understand the molecular basis of axon
development, synapse formation, and plasticity, as well as axonal
response to injury. This has resulted in an extensive cataloging
of transcripts that are specifically localized in subneuronal
compartments, and are locally translated under different
conditions. Notably, a large number of those transcripts
encode cytoskeletal elements, like actin and tubulin, as well
as cytoskeleton-associated proteins that bind to and stabilize
cytoskeletal filaments. However, the proteins and protein
complexes that regulate translation of those mRNAs in a
precise spatiotemporal manner remain elusive, and so does our
understanding of their crosstalk with the cytoskeleton. Herein,

we have included protein complexes that appear to co-regulate
mRNA translation and cytoskeletal remodeling, potentially
connecting and balancing the two processes in the developing
and adult NS (Figure 1). Nonetheless, a lot of research is
still required, in order for us to fully apprehend the elegant
means neurons possess to tune their molecular repertoires and
intracellular procedures, in order to achieve prompt responses
and precise function, both at the cellular and organismal level.
Such knowledge could uncover novel therapeutic targets for
neuronal disorders, and strategies based on the modulation
of specific molecules with dual roles, tuning distinct processes
toward the same outcome.
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Sexually dimorphic
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early-phase response in
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The convergence of transcriptional and epigenetic changes in the peripheral

nervous system (PNS) reshapes the spatiotemporal gene expression landscape

in response to nerve transection. The control of these molecular programs

exhibits sexually dimorphic characteristics that remain not sufficiently

characterized. In the present study, we recorded genome-wide and sex-

dependent early-phase transcriptional changes in regenerating (proximal)

sciatic nerve 24 h after axotomy. Male nerves exhibited more extensive

transcriptional changes with male-dominant upregulation of cytoskeletal

binding and structural protein genes. Regulation of mRNAs encoding ion and

ionotropic neurotransmitter channels displayed prominent sexual dimorphism

consistent with sex-specific mRNA axonal transport in an early-phase

regenerative response. Protein kinases and axonal transport genes showed

sexually dimorphic regulation. Genes encoding components of synaptic

vesicles were at high baseline expression in females and showed post-injury

induction selectively in males. Predictive bioinformatic analyses established

patterns of sexually dimorphic regulation of neurotrophic and immune

genes, including activation of glial cell line-derived neurotrophic factor

Gfra1 receptor and immune checkpoint cyclin D1 (Ccnd1) potentially linked

to X-chromosome encoded tissue inhibitor of matrix metallo proteinases

1 (Timp1). Regulatory networks involving Olig1, Pou3f3/Oct6, Myrf, and

Myt1l transcription factors were linked to sex-dependent reprogramming in

regenerating nerves. Differential expression patterns of non-coding RNAs

motivate a model of sexually dimorphic nerve regenerative responses to

injury determined by epigenetic factors. Combined with our findings in

the corresponding dorsal root ganglia (DRG), unique early-phase sex-

specific molecular triggers could enrich the mechanistic understanding of

peripheral neuropathies.

KEYWORDS

sexual dimorphism, peripheral nerve, axotomy, nerve regeneration, RNA-seq

Abbreviations: CNS, central nervous system; DEG, differentially expressed gene; DRG, dorsal root
ganglia; FC, fold change; FDR, false discovery rate; GDNF, glial cell line-derived neurotrophic factor;
IPA, Ingenuity Pathway Analysis; ncRNA, non-coding RNAs; PNS, peripheral nervous system; RNA-
seq, RNA sequencing; SV, synaptic vesicle; TF, transcription factor; TLR, toll-like receptors.
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Introduction

The peripheral nervous system (PNS) displays strong
regenerative potential compared to the brain and spinal cord.
Substantial knowledge of mechanisms involved in PNS injury
has been acquired using rodent models of sciatic nerve axotomy
originally described by Augustus Waller in 1850 (Fawcett and
Keynes, 1990; Stoll et al., 2002). The success of sensory recovery
after PNS injury depends on molecular remodeling ensuing
within 24 h post-axotomy in the proximal nerve segment
(Gordon et al., 2003; McDonald et al., 2006; Zochodne, 2012)
coordinated with an extensive transcriptional response within
neuronal somas in the dorsal root ganglia (DRG) (McDonald
et al., 2006; Chernov and Shubayev, 2021). Upon an initial
die-back toward DRG, the proximal axotomized axons form
axonal sprouts that mature into growth cones enriched in
the cytoskeletal framework that drives axons to reestablish
functional connections with the end organ (Lundborg, 1987;
Burnett and Zager, 2004; Radtke and Vogt, 2009). The
transcriptional landscape of the damaged PNS is enriched by
axonally trafficked coding and non-coding (nc) RNAs (Cavalli
et al., 2005; Avraham et al., 2021).

Axonal regrowth in the damaged PNS depends on trophic,
immune, metabolic, and structural support of Schwann cells
(Jessen and Mirsky, 2016, 2021; Merrell and Stanger, 2016;
Milichko and Dyachuk, 2020), forming immediate partnerships
with axons (McDonald et al., 2006). Schwann cells undergo
extensive phenotypic transformation within 24 h post-injury in
preparation for mitosis and alignment into bands of Büngner
(Jessen and Mirsky, 2016, 2021; Merrell and Stanger, 2016;
Milichko and Dyachuk, 2020). Schwann cells produce and
deposit into basal lamina a plethora of growth-permissive
and -inhibitory extracellular matrix (ECM) proteins and
proteoglycans to guide axonal growth, such as laminin and
chondroitin sulfate proteoglycans (McDonald et al., 2006).
These activities are partly controlled by ECM-degrading matrix
metalloproteinase (MMP)/ADAM families that reciprocally
coregulate the ECM network with cytokines, chemokines,
trophic factors, and adhesion molecules (Chattopadhyay and
Shubayev, 2009; Liu et al., 2010, 2015; Kim et al., 2012; Chernov
and Shubayev, 2021).

Sex is emerging as a key biological variable in models of
PNS injury, as certain neuropathic states exhibit sex-specific
prevalence, incidence, mechanisms, and clinical presentation
(Unruh, 1996; Greenspan et al., 2007; Fillingim et al., 2009;
Mogil, 2012; Sorge and Totsch, 2017; Boerner et al., 2018).
Sexual dimorphism in the transcriptional landscape of adult
PNS and its response to injury has been shown by RNA-
sequencing (RNA-seq) analyses (North et al., 2019; Ray et al.,
2019; Stephens et al., 2019; Chernov et al., 2020; Paige et al.,
2020; Ahlström et al., 2021). Sex-related differences in the
axon elongation (Kovacic et al., 2004) could potentially be

attributed to metabolic, immune, neuroendocrine, and sex
chromosome-related genetic programs that have shown sex-
specific regulation in the damaged PNS (North et al., 2019;
Ray et al., 2019; Stephens et al., 2019; Chernov et al., 2020;
Mecklenburg et al., 2020; Paige et al., 2020; Tavares-Ferreira
et al., 2020; Ahlström et al., 2021). Unique to females, the
chromosome-wide epigenetic inactivation of one of the two X
chromosomes (Xi) regulates the normal and aberrant activity
of X-linked immunity-related genes (Bianchi et al., 2012),
including that in DRG at 24 h after sciatic nerve axotomy
(Chernov and Shubayev, 2021). Whether the corresponding
regenerating nerve segments exhibit sexual dimorphism in
response to PNS axotomy remains unknown.

Using high-depth RNA-seq, the present study identified sex-
specific early-phase transcriptional changes in protein-coding
and ncRNAs in regenerating (proximal) nerves at 24 h after
sciatic nerve axotomy in male and female mice. Applying
predictive bioinformatics, we determined unique signaling
events related to regenerative, trophic, metabolic, and sex
chromosome-linked systems.

Results

To determine the sex specificity of an early-phase
PNS regenerative transcriptional program, sciatic nerve
axotomy or sham operation was conducted in female and
male mice. At 24 h post-axotomy, regenerating (proximal
segment) tissues (Figure 1A) were subjected to whole-
genome transcriptomics analysis by high-depth RNA-seq
(Supplementary Figure 1, n = 6 mice/group, 2 mice/sample
(pooled), 3 sample/group). At 24 h after the sham operation,
nerve tissues were assessed for transcriptomic signatures
without injury. Transcriptomics of the respective DRG tissues
in the same animal cohorts was reported earlier (Chernov and
Shubayev, 2021).

Males exhibited more extensive
transcriptional changes in regenerating
sciatic nerve

A total of 25,788 genes were detected by RNA-seq in the
proximal nerve stumps, including 2,553 differentially expressed
genes (DEGs, Supplementary Table 1) that conformed to the
significance criteria (adjusted p-values (Padj) < 0.1) and the
expression fold change (FC) filter (log2FC > 1 or log2FC < –1,
Figure 1A). In summary, more unique, highly expressed up-
regulated DEGs (n = 232) were identified in males relative to
females as presented on MA and scatter plots (Figures 1B,C). In
addition, 65 and 159 DEGs were downregulated in female and
male nerves, respectively.
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FIGURE 1

Global transcriptional changes in proximal nerve 24 h post-axotomy lead to a larger number of increased transcripts in males. (A) A schematic
of the sciatic nerve axotomy followed by ipsilateral proximal stump tissue analysis. (B) MA plots display log2FC and mean counts normalized
using DESeq2 and adaptive t-prior apeglm method. The left and right panels show up- and downregulated genes in females (red dots) and
males (blue dots), respectively. Dots indicate differentially expressed genes (DEGs) with Padj < 0.1. Orange dashed lines show log2FC thresholds
above 1 or below –1. (C) Scatter plots of significant up- and downregulated DEGs in females (light and dark red dots) and males (light and dark
blue dots). Light and dark color intensity indicate DEGs in sham or axotomy samples (n = 6 mice/group, 2 mice/sample (pooled), 3
sample/group), respectively. DEGs (Padj < 0.1) were filtered by log2FC either above 1 or below –1 (two-fold change or larger). Dots on the Y-axis
correspond to the absolute gene expression measured as normalized mean counts following logarithm transformation of gene counts
[log2(counts)] by the normTransform method in DESeq2. Specific expression data for DEGs is available in Supplementary Table 1 and the GEO
repository (accession numbers GSE182713 and GSE182709). Pairwise comparisons were made using the analysis of variance (ANOVA) with the
Tukey post hoc test: ****, p ≤ 0.00005; ns, not significant.
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Sexually dimorphic gene regulation in
injured nerves

Heatmaps (Figure 2A) and volcano plots (Figure 2B)
present the identity of the most significant protein-coding DEGs
in each sex. Principal component analysis (PCA) identified their
contribution to variance in axotomized samples from males
and females based on normalized count ranking. Sample-to-
sample comparisons using PCA demonstrated that female and
male samples aggregated as distinct clusters in the PC1/PC2
dimensions (Figure 2C).

The most significant DEGs that contributed to gene
expression variance in females encoded a major acute-
phase serum amyloid A-1 protein (Saa1), leucine-rich repeat-
containing protein 15 (Lrcc15), neuronal pentraxin-2 (Nptx2),
heterodimeric neurotropic cytokine receptor-like factor 1
(Crlf1), cardiotrophin-like cytokine factor 1 (Clcf1), and
sonic hedgehog protein (Shh). In males, DEGs encoding the
potassium channel subfamily T member 1 (Kcnt1), apoptosis-
promoting dendrin (Ddn), inactive serine/threonine-protein
kinase (Plk5), Toll-like receptor 9, and myelin-associated
oligodendrocyte basic protein (Mobp) were the most significant
drivers of variance. These and other DEGs identified by PCA
(Figures 2C,D) could present potentially important sex-specific
markers of early PNS injury response and nerve regeneration.

Gene ontology analysis identified
sexual dimorphic genes relevant to
peripheral nervous system (PNS)
regeneration

Many sexually dimorphic and monomorphic DEGs were
recognized as important components of cell signaling pathways
in the nervous and immune systems. To gain further
mechanistic insight into their role in nerve regeneration,
gene ontology (GO) enrichment analysis was conducted.
Molecular-level biochemical characteristics of DEGs were used
to identify the most relevant GO clusters of molecular function
(Figures 3A,B). GO clusters that included sexually dimorphic
DEGs relevant to nerve injury response are illustrated in
Figure 3C and detailed below.

Heterocyclic compound binding and ion
binding proteins

Heterocyclic compound binding proteins interact with
ATP, GTP, nucleobases, and their derivatives (cluster 1).
Subunits of the ATP-driven Ca2+ ion pump (Atp2b2, Atp2b3),
CaM kinase-like vesicle-associated protein (Camkv), ephrin
type-A receptor 10 (Epha10), and N-acetylaspartylglutamate
synthase A (Rimkla) were significantly upregulated in male
nerves. In females, cyclin-dependent kinase 18 (Cdk18) and
cGMP-dependent protein kinase 2 (Prkg2) were upregulated.

Notably, most proteins that bind charged ions (cluster 2)
were upregulated only in males, including the protein kinase
C-binding protein Nell1, and Ca2+ sensors regulating vesicular
release, the double C2-like domain-containing protein α

(Doc2a), and Ca2+-binding protein 7 (Cabp7), the hippocalcin-
like protein 4 (Hpcal4), and β-synuclein (Sncb) involved in
neuronal plasticity.

Carbohydrate derivative binding
Several carbohydrate-binding proteins (cluster 4) were

downregulated in female nerves, including the protein kinase C
(PKC)-binding protein (Nell2), inactive heparanase-2 (Hpse2),
phospholipase A2 (Pla2g5), matrix-assembly related SPARC-
related modular Ca2+-binding protein (Smoc2), and a cysteine-
rich secretory protein LCCL (Crispld2). In males, these proteins
exhibited high levels of expression. In addition, genes encoding
Nell1, neuronal adhesion neurocan core protein (Ncan),
brevican core protein (Bcan), and β-amyloid precursor protein
(Aplp1) were upregulated and expressed in males.

Cytoskeletal binding and structural proteins
Male nerves displayed higher up-regulation of the

microtubule-associated neuronal migration protein
doublecortin (Dcx), the actinin-interacting Cdk5 activator
Cdk5r2, Gap junction β6 protein (Gjb6), GAR domain-
containing protein (BC024139), the microtubule-stabilizing
MAP6 domain-containing protein (Map6d1), cytoplasmic
dynein intermediate (Dync1i1), and the microtubule-
associated serine/threonine-protein kinase (Mast1) (cluster
8). Oppositely, mRNAs encoding kinesin-like motor enzymes
Kif15/Kif22/Kif23, nucleolar and spindle associated protein
(Nusap1), spindle/kinetochore-associated protein (Ska1), and a
centromere-associated protein (Cenpe) were reduced in males.
Microtubule-associated oxygen-regulated protein Rp1 and
neuron navigator Nav3 demonstrated more robust upregulation
in female nerves.

Genes encoding structural proteins demonstrated strong
upregulation in both sexes (cluster cl24) of tubulin (Tubb3,
Tubb2b, Tuba8, and Tubb2a), collagen (Col28a1, Col2a1, and
Col16a1), and glial fibrillary acidic protein (Gfap) genes.
In contrast, β-adducin (Add2), light and heavy chains of
neurofilament (Nefl and Nefh, respectively), spectrin β chain
(Sptbn2), and Laminin subunit α5 (Lama5) showed male-
dominant upregulation.

Cytokine binding
Reduced expression of many cytokine receptors was

observed in both sexes (cluster 9), including interleukin
receptors (Il31ra, Il5ra, Il12rb2), chemokine receptors (Ccrl2,
Ccr5, Ccr2, Ccr9, Ccr1l1, and Ccr3), and other receptors
(Tnfrsf14, Csf1r, Ackr1, and Ackr4). Despite the decrease, the
absolute expression levels of many cytokine receptor genes
remained high. Only cytokine receptor-like factor 1 (Crlf1)
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FIGURE 2

Nerve axotomy induced distinct sexually dimorphic regulation of differentially expressed genes (DEGs) in female and male mice. (A) Hierarchical
clustering plot of 300 most significant upregulated DEGs (log2FC > 1, Padj < 0.1, n = 6 mice/group, 2 mice/sample (pooled), 3 sample/group).
Heatmap colors correspond to mean log2(counts)—Blue, yellow, and red – low, medium, and high expression, respectively. DEGs were sorted
by log2FC. (B) Significant DEGs in female (left panel) and male (right panel) mice. Volcano scatter plots show –log10Padj and log2FC. Red and
green colors indicate up- and down-regulated DEGs, respectively. Thresholds (log2FC > 1 or log2FC < –1) and –log10Padj < 0.1 are indicated by
yellow dashed lines. Selected DEG symbols are shown. (C) Principal component analysis of female (red) and male (blue) groups of sham
(rectangles) and axotomy (circles) samples (n = 3 samples/group). Red and blue arrows indicate genes with the most influence on variance in
females and males, respectively. (D) A principal component analysis (PCA) loading plot indicates genes influencing variance in the top five PCA
projections (PC1 to PC5) within the top/bottom 5% of the loadings range. The dot color scale corresponds to component loading coefficients
defined as the coordinates of the variables divided by the square root of the eigenvalue associated with the component.
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FIGURE 3

Axotomy influenced distinct molecular functions in each sex. (A) Clustering of significant gene ontology (GO) molecular functions based on
best-match average (BMA) distances. (B) Wang distances of GO molecular function clusters projected on a two-dimensional scaling plot using
the ViSEAGO R package. (C) Heatmaps of differentially expressed genes (DEGs) associated with eight GO molecular functions: heterocyclic
compound binding (cluster 1), ion binding (cluster 2), carbohydrate derivative binding (cluster 4), cytoskeletal protein binding (cluster 8),
cytokine binding (cluster 9), receptor-ligand activity (cluster 10), phosphotransferase activity (cluster 15), and structural molecule activity (cluster
24). Heatmaps display normalized mean log2(counts) in sample groups (FS, female sham; MS, male sham; FA, female axotomy; MA, male
axotomy) and log2FC in female (F) and male (M); (n = 6 mice/group, 2 mice/sample (pooled), 3 sample/group) of respective DEGs. Log2FC
significance was determined in DESeq2 using Wald test: *, p ≤ 0.05; **, p ≤ 0.005; ***, p ≤ 0.0005. DEGs were sorted by log2FC.
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FIGURE 4

Canonical signaling pathways demonstrate distinct regulation
patterns in females and males. Canonical pathways were
predicted in Ingenuity Pathway Analysis (IPA) and ranked by
z-scores. Positive (red) and negative (green) z-scores indicate
pathway up-regulation or down-regulation, respectively,
according to the color scale. Fisher’s exact test p-values
[–log10(P)] predicted for each canonical pathway are shown by
purple (females) and blue (males) horizontal bars. Asterisks
indicate significance *, z > 2.0 or z < −2; **, z > 3.0 or z < −3;
***, z > 4.0 or z < −4.

and corticotrophin-like cytokine factor 1 (Clcf1) demonstrated
significant upregulation in both sexes.

Receptor ligand activity
Both males and females exhibited significant upregulation

of ligand-encoding DEGs (cluster 10), including urocortin
2 (Ucn2), nerve growth factor inducible (Vgf ), endothelin
(Edn2), calcitonin (Calca), glial cell differentiation regulator

meteorin (Metrn), leukemia inhibitory factor (Lif ), glial-
derived neurotrophic factor (Gdnf ), epidermal growth factor
β-cellulin (Btc), epidermal growth factor-like (Egfl8), and
fibroblast growth factor (Fgf5). Male-specific upregulation
of somatostatin (Sst), pituitary adenylate cyclase-activating
polypeptide (Adciap1), cholecystokinin (Cck), neuropeptide
galanin (Gal), ghrelin (Ghrl), and pro-opiomelanocortin
(Pomc). Proglucagon (Gcg) and stanniocalcin-1 (Stc1) exhibited
upregulation in females.

Phosphotransferase activity
Phosphotransferases (cluster 15), including non-receptor

tyrosine kinases encoded by the Btk, Hck, Syk, and Itk genes,
decreased in male nerves. In addition, both female and male
nerves showed reduced expression of multiple members of
the interferon-induced 2’-5’-oligoadenylate synthases members
(Oas3, Oasl2, Oas1b, Oas1g, Oas1a, Oas2, Oas1c, and Oasl1).

Axotomy significantly reshaped cell
signaling in regenerating nerves

Signaling pathways, upstream regulation, and interactive
networks were predicted by Ingenuity Pathway Analysis (IPA)
software using a highly stringent subset of DEGs (Padj < 0.001
and log2FC > 1 or log2FC < –1). Significant canonical pathways
were further ranked based on Fisher’s exact test (p < 0.05).
Positive or negative z-scores determined pathways’ activation
and deactivation.

Axotomy-induced significant changes in cellular signaling
processes in both sexes (Figure 4), including pathways with
female- or male-specificity. Accordingly, GDNF Family Ligand
Receptor Interactions, Inhibition of Matrix Metalloproteinases,
Synaptogenesis Signaling Pathway, LXR/RXR Activation,
PD1/PDL1 cancer immunotherapy pathway, and Coronavirus
Pathogenesis Pathway demonstrated activation in both sexes.
PTEN Signaling, CHK Proteins in Cell Cycle Checkpoint
Control, Cell Cycle G2/M DNA Damage Checkpoint Regulation,
and Endocannabinoid Neuronal Synapse pathways were
activated in males. In females, Senescence Pathway and
Pancreatic Adenocarcinoma Signaling were activated. Many
pathways exhibited downregulation in both sexes, including
Neuroinflammation Signaling, Pattern Recognition Receptors,
Phagosome Formation, Pyroptosis Signaling, Leukocyte
Extravasation Signaling, HOTAIR Regulatory Pathway, G
Protein-Coupled Receptor Signaling, and Natural Killer
Cell Signaling. In addition, males specifically reduced
PI3K/AKT Signaling, Kinetochore Metaphase Signaling, IL-
8 Signaling, and TREM1 Signaling pathways. In both sexes,
regenerating nerves displayed activation of Macrophages in
Rheumatoid Arthritis, Axonal Guidance, Thyroid Hormone
Metabolism I via Deiodination, Atherosclerosis Signaling,
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and Agranulocyte/Granulocyte Adhesion and Diapedesis
canonical pathways.

Upstream regulator molecules

Predictive analysis of upstream regulators was conducted
in IPA to identify regulatory molecules, including transcription
factors (TFs), any gene or small molecule that, with high
probability, could affect the expression of their target DEGs. The
activation or inhibition efficiency of each upstream regulator
on target DEGs could be defined by positive or negative
z-scores, respectively, as illustrated in Figure 5 and summarized
in Supplementary Table 2. Worth noting that upstream
regulator z-scores do not directly reflect the expression of
the regulator itself (Krämer et al., 2014), as different organs
or tissues can contribute regulatory molecules. IPA identified
many sexually dimorphic upstream regulators, including the
brain-derived neurotrophic factor (Bdnf), a known stimulator
of the nerve axon growth (Zhou and Shine, 2003). Bdnf was
predicted to strongly affect gene expression in males but not
females. Bdnf level was low in the proximal nerve stumps
in both sexes. However, Bdnf mRNA was highly abundant
in DRG and demonstrated a male-dominant increase post-
axotomy (Chernov and Shubayev, 2021). Other male-specific
upstream positive regulators included Sox2, Aire, Egr2, Cdkn1a,
Map2k1/2, and other molecules. Ikzf3, Mek, Erk, and Akt1
were predicted as prospective positive regulators in females.
Remarkably, IRFs, STATs, and cytokines were identified among
significant negative regulators in both sexes.

Sexually dimorphic protein
phosphorylation

Protein kinases and their regulatory molecules were
identified as significant sexually dimorphic upstream regulators
(Figure 6A and Supplementary Table 2). Male-specific
upregulation of Kndc1 (also known as Very-KIND) may
modulate Hras, Myc, Neu1, Ras, and Map2 (Figure 6B)
during neuronal growth (Huang et al., 2007). Highly expressed
Cdk5 was moderately activated by axotomy in male nerves.
Cdk5 activator molecule that also controls cytoplasmic or
nuclear localization of the Cdk5 complex demonstrated male-
dominant upregulation. Co-upregulation of Cdk5-interacting
and target molecules in males was significantly stronger than
in females (Figure 6C). While female nerves upregulated
fewer protein-coding DEGs than males, two female-specific
interactive networks were determined using the STRING
database (Szklarczyk et al., 2021). The first proposed network
potentially conveys Gdnf signaling via the neuron-specific
adaptor Shc3, the Gdnf receptor α1 (Gfra1), and neural cell
adhesion proteins Chl1 and Cadm1 to regulate cell-cell adhesion

and neuronal plasticity (Figure 6D). Another network is
centered around the regulatory component of the Cyclin D1
(Ccnd1)-Cdk4 complex (Figure 6E). It is known to respond to
Timp1 that activates cyclic AMP-induced regenerative program
gene post-axotomy (Liu et al., 2015) partly via Cd63/Pi3k/Akt
signaling (Rossi et al., 2015).

Cell signaling engages sexually
dimorphic molecular programs

Regulatory signaling events reflect distinct molecular
programs involved in regenerating nerves. Programs exhibiting
sexually dimorphic regulation are as follows:

Neuronal survival and regeneration programs
GDNF Family Ligand Receptor Interactions pathway is

modulated by the Gdnf and related ligands: neurturin (Nrtn),
artemin (Artn), and persephin (Pspn). Notably, the Gdnf gene
was highly upregulated in both sexes in the proximal stumps
(Figure 7A) but not in DRG (Chernov and Shubayev, 2021).
Neurturin was upregulated in males. Artemin was mildly
expressed in distal stumps but significantly upregulated in male
DRG. The ligand receptors encoded by Gfra1 and Gfra3 genes
increased in both sexes.

Regeneration-associated genes (RAGs) were rapidly induced
by axotomy in the corresponding DRG (Chernov and Shubayev,
2021). Fos, Jun, Smad3, Creb1, Rac2, Klf6, and Atf3 mRNAs were
detected in the nerves (Figure 7B). Cebpd, a bZip-containing
CCAAT/enhancer-binding protein δ, increased in both sexes.
The Sox11 gene was 4-fold explicitly downregulated in females.

Extracellular matrix (ECM) homeostasis and
regulation of proteolysis

Both male and female nerves upregulated matrix
metalloproteinase (MMP) Mmp17 (MT4-MMP) expression
(Figure 7C). Mmp24 moderately increased only in males.
A group of MMP genes co-localized in the 9qA1 locus of the
mouse chromosome 9, Mmp8, Mmp12, Mmp13, and Mmp27,
synchronously decreased only in males. Mmp25 decreased
in both sexes. Other MMP genes, including Mmp2, Mmp3,
Mmp14, Mmp15, and Mmp19, demonstrated high expression
levels in both sham and axotomy nerves irrespective of sex.

Many endogenous inhibitors of proteinases exhibited
sexually dimorphic regulation of gene expression, including
the WAP domain proteinase inhibitor (Wfdc5), the cysteine
protease inhibitor (Fetub), and serine protease inhibitor Kazal-
type 1 (Spink1). Timp1 increased in both sexes, in agreement
with our previous reports (Kim et al., 2012; Liu et al.,
2015; Chernov and Shubayev, 2021). The glia-derived nexin
(Serpine2) was upregulated, but other serine protease inhibitors
of the serpin family were downregulated. Inter-α-trypsin
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FIGURE 5

Upstream regulators of the post-injury response included transcriptional regulators, kinases, growth factors, G-protein receptors, enzymes,
cytokines, microRNAs, and nuclear receptors. Positive (red) and negative (green) z-scores indicate regulator effects to upregulate or
downregulate respective differentially expressed genes (DEGs). The color scale represents the z-score range.
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FIGURE 6

Protein phosphorylation was strongly activated to regulate cell-cell adhesion and neuronal plasticity. (A) Expression of differentially expressed
genes (DEGs) with kinase activities. Heatmaps display normalized mean log2(counts) in sample groups (FS, female sham; MS, male sham; FA,
female axotomy; MA, male axotomy) and log2FC in female (F) and male (M); (n = 6 mice/group, 2 mice/sample (pooled), 3 sample/group) of
respective DEGs. Log2FC significance was determine in DESeq2 using Wald test: *, p ≤ 0.05; **, p ≤ 0.005; ***, p ≤ 0.0005. DEGs were sorted
by log2FC. (B) RAS-Guanine nucleotide exchange factor KNDC1 links HRAS, MYC, NEU1, RAS, and MAP2. Male but not female nerves exhibit
upregulation of key components. (C) Protein interaction networks regulated by CDK5 in females (left) and males (right). (D) Female-specific
Gfra1/Cadm1 axis. (E) Proposed regulation by female-prevalent Ccnd1/Timp1 axis. The shape’s colors on panels B and C correspond to up-
(red) or down- (green) regulation of respective DEGs according to the Log2FC scale. Protein interactive networks were predicted in IPA (panels
B and C) and the STRING database (panels D and E).

inhibitor heavy chain H3 (Itih3) and serine proteinase inhibitor
Serpinb1b demonstrated male-specific upregulation.

Regulation of synaptogenesis signaling
Synaptogenesis Signaling Pathway was distinctly regulated

in both sexes. Genes encoding components of synaptic
vesicles (SV) showed greater activation in males (Figure 7D).
Consequently, the male-dominant increase of the pre-synaptic-
like activity and vesicular transport can be mediated by
synuclein subunits α, β, and γ, Rab3A oncogene, and vesicle-
associated membrane protein (Vamp2). It is important to note
that SV-related genes show high levels of expression in sham
and axotomized female nerves; therefore, male-prevalent gene
activation could level up pre-synaptic activity to match the
activity in females.

Axonal transport
Axonal transport is essential for neuronal survival and

function restoration after damage. Many kinesins involved in
anterograde axonal transport decreased in males (Figure 7E),
except Kif5 family members increased in males. Retrograde
transport-related axonemal dynein/dynactin encoding genes

showed remarkable sexually dimorphic regulation. Most
notably, dynein intermediate chain mRNAs Dnai2 and Dnai3
highly increased in both sexes. Dynein heavy chain mRNA
Dnah12/17 decreased in males.

Myelin sheath
Male nerves upregulated myelinogenesis- and neuron

morphogenesis-related DEGs (according to GO term
GO:0043209), including ermin (Ermn), α-internexin (Ina),
myelin oligodendrocyte glycoprotein (Mog), opalin (Opalin),
contactin 2 (Cntn2) (Figure 7F). The expression of these
DEGs in females remained low. Other myelin sheath-related
molecules were represented in both sexes and exhibited
further upregulation in males. Notably, myelin-associated
oligodendrocyte basic protein (Mobp) demonstrated significant
sexually dimorphic regulation by upregulating in males and
downregulating in females.

Regulation of neuroreceptors, transporters,
and ion channels

Male, but not female, nerves demonstrated increased
levels of transmitter-gated ion channel mRNAs (Figure 8A)
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FIGURE 7

Nerve regeneration-related signaling and pre-synaptic-like activity exhibited sexually dimorphic activation. (A) glial cell line-derived
neurotrophic factor (GDNF) family of ligands can drive the cytoskeleton organization, Pi3k/Akt signaling, Ca2+-signaling, and regulate
downstream gene transcription. The diagram partially corresponds to the GDNF Family Ligand Receptor Interactions Pathway predicted by
Ingenuity Pathway Analysis (IPA). Colors correspond to up- (red) or down- (green) regulation of respective differentially expressed genes (DEGs)
according to the Log2FC scale. Protein interactive networks were predicted in IPA. (B) Regeneration-associated DEGs. (C) Regulation of
extracellular proteolysis-related DEGs. (D) Pre-synaptic-like activity in male nerves. The diagram partially corresponds to the Synaptogenesis
Signaling Pathway predicted by IPA. Colors correspond to up- (red) or down- (green) regulation of respective DEGs according to the Log2FC
scale. (E) Kinesins, dynein-dynactin DEGs. F, Myelin sheath-related DEGs. Heatmaps on panels A–C, E, and F display normalized mean
log2(counts) in sample groups (FS, female sham; MS, male sham; FA, female axotomy; MA, male axotomy) and log2FC in female (F) and male (M);
(n = 6 mice/group, 2 mice/sample (pooled), 3 sample/group) of respective DEGs. Log2FC significance was determined in DESeq2 using Wald
test: *, p ≤ 0.05; **, p ≤ 0.005; ***, p ≤ 0.0005. DEGs were sorted by log2FC.
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encoding ionotropic γ-aminobutyric acid (GABA) receptors
(Gabra1, Gabra5, gabrg2, Gabrb1, Gabrb2, Gabrb3, and
Gabrg1), members of ionotropic glutamate receptor N-methyl-
D-aspartic acid (NMDA) receptor subunits (Grin1, Grin2a, and
Grin3a), α-amino-3-hydroxy-5-methyl-4-isoxazole propionic
acid (AMPA) receptor subunits Gria1 and Gria2, kainic
acid receptor subunit Grik1. Notably, mRNAs encoding
5-hydroxytryptamine 2C (serotonin) receptors Htr2c and Htr3a
also increased. Male nerves exhibited increased potassium,
calcium, and sodium voltage-gated ion channel-related mRNAs.
Remarkably, levels of these mRNAs diminished in the respective
DRGs measured in the same animal cohorts (Chernov and
Shubayev, 2021), suggesting the involvement of sex-specific
axonal mRNA transport in the redistribution of injury-
related mRNAs during early-phase response. Female nerves
showed no change in ion-channel mRNA levels, except
for Cacna1g, Scb5a, Kcnt1, and Kcnq5, demonstrating a
reduction.

Immune regulation
Cytokines Il11 and Il17b were upregulated in both sexes,

while Il6 and Il19 were predominantly activated in males
(Figure 8B). Genes related to adaptive (GO:0002250) and
innate (GO:0045087) immunity showed a system-wide male-
specific decrease. Many immunity-related canonical pathways
were significantly downregulated after axotomy in both sexes’
proximal nerve segments, including Neuroinflammation
Signaling Pathway, Activation of IRF, Leukocyte Extravasation,
Signaling, Interferon Signaling, Pattern Recognition Receptors,
and Phagosome Formation pathways (Figure 4). The following
immunity-related pathways demonstrated male-specific
negative regulation: Inflammasome Pathway, Toll-like
Receptor Signaling, IL-15 Production, PI3K Signaling in B
Lymphocytes, Phagocytosis in Macrophages and Monocytes, and
IL-8 Signaling.

Transcription regulators
Male nerves significantly upregulated neuronal

differentiation and reprogramming-related TFs, the myelin
transcription factor 1-like protein (Myt1l), and POU
domain-containing Pou3f3 (Figure 8C). Upregulation
of oligodendrocyte transcription factors 1/2 (Olig1/2),
neurogenesis-related TFs (Zic1, Pou3f1/Oct6, Esrrb, Myrf,
and Prrxl1), and nuclear protein Nupr1 were male-specific.
Also, males upregulated Fox-family TFs (Foxf2, Foxj1, Foxd3,
and Foxc2), Hox-family TFs (Hoxb5, Hoxb2, Hoxb8, and
Hoxb3os), and Sox-family TF genes (Sox2 and Sox10), and
the RNA-binding proteins ZFP36 known to restrain T cell
activation and antiviral immunity (Moore et al., 2018). Sox2
and Sox4 TFs increased in females, but Sox11 decreased
after axotomy. mRNA level of Gata5 was higher in females
than in males. We concluded that post-axotomy regulation
of TFs is characterized by sexually dimorphic patterns to

potentially execute distinct regenerative programs in the PNS of
females and males.

Cation transporting ATPases
Males but not females upregulated plasma membrane Ca2+-

transporting ATPase subunits Atp2b2 and Atp2b3 (Figure 8D).
mRNAs of Na+/K+-transporting ATPase subunits Atp1b1 and
Atp1b2 were abundant in both sexes and exhibited further
increase in males.

Non-coding RNAs
Levels of Mir124-1hg and Mir124-hg2 RNAs, the precursors

of the ubiquitous neuronal microRNA Mir-124, were higher in
males than in females (Figure 9A). In addition, small nucleolar
RNAs (snoRNAs) encoded by Snhg9, Snhg6, and Snora57
host genes showed male-dominant expression. The erythroid
differentiation regulator 1 ncRNA encoded by the X-linked
Erdr1 gene was upregulated in males but downregulated in
females. U1 spliceosome RNA (U1) and ribonuclease P RNA
component H1 (Rpph1) were upregulated in females.

Antisense lncRNAs (asRNA) can potentially target co-
localized PNS injury-related genes via cis-acting mechanisms.
In females, genes encoding the axonemal dynein (Dnah2),
tetraspanin 32 (Tspan32), pseudopodium-enriched atypical
kinase 1 (Peak1), SAP30 binding protein (Sap30bp), and H3.3
histone (H3f3a) could be targeted by the respective asRNA
(Figure 9B). In males, asRNAs could target genes encoding
deiodinase (Dios3), MAP2 kinase (Map2k3), RAB26 oncogene
(Rab26), homeobox B2/B3 (Hoxb2, Hoxb3), dynamin 3 (Dnm3),
the transcriptional repressor CCCTC-binding factor (Ctcf ), de
novo DNA methyltransferase 3a (Dnmt3a), and insulin-like
growth factor 1 (Igf1).

Sex chromosomes
As reported in the DRGs of the same animal cohort

(Chernov and Shubayev, 2021), genomic localization of DEGs
on a sex-chromosome could potentially determine sexually
dimorphic expression. In the proximal nerve stumps, most
X-linked DEGs exhibited male-specific regulation (Figure 9C).
However, several female X-linked DEGs, including Magix,
Tmem255a, Tmem28, Map7d2, Timp1, Erdr1, 2010204K13Rik,
Gjb1, Pcsk1n, Bex2, and Pwwp4c, were elevated in both sexes.
Male-specific Y-linked transcript Gm47283 was upregulated
post-axotomy in males.

Discussion

We obtained novel evidence of sexually monomorphic
and dimorphic regulation of the early-phase transcriptional
programs in regenerating segments of injured peripheral nerves
(Figure 10). The concerted accumulation of mRNAs that encode
actin, microtubules, neurofilaments, cytoskeletal regulators,
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FIGURE 8

Males exhibited stronger activation of ion channels, transcriptional regulators, cation transporting ATPases, and select cytokines. Innate and
adaptive immunity exhibited a male-specific decrease. (A) Ion channel genes. (B) Cytokines, adaptive (Go term GO:0002250), and innate (GO
term GO:0045087) immunity-related DEGs. (C) DNA-binding transcriptional regulators (GO term GO:0003700). (D) Cation transporting
ATPases. Heatmaps display normalized mean log2(counts) in sample groups (FS, female sham; MS, male sham; FA, female axotomy; MA, male
axotomy) and log2FC in female (F) and male (M); (n = 6 mice/group, 2 mice/sample (pooled), 3 sample/group) of respective DEGs. Heatmap
colors correspond to the respective scales. Log2FC significance was determined in DESeq2 using Wald test: *, p ≤ 0.05; **, p ≤ 0.005;
***, p ≤ 0.0005. DEGs were sorted by log2FC.

Frontiers in Molecular Neuroscience 13 frontiersin.org

103

https://doi.org/10.3389/fnmol.2022.958568
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/


fnmol-15-958568 July 27, 2022 Time: 18:24 # 14

Chernov and Shubayev 10.3389/fnmol.2022.958568

FIGURE 9

Regulated ncRNA and sex chromosome-linked differentially expressed genes (DEGs) exhibited profound sexual dimorphism. (A) Significant
ncRNA DEGs in female (left panel) and male (right panel) mice. Volcano scatter plots show –log10Padj and log2FC. Red and green colors indicate
up-and downregulated ncRNAs, respectively. Thresholds (log2FC > 1 or log2FC < –1) and –log10Padj < 0.1 are shown by yellow dotted lines.
Selected DEGs are labeled by gene symbols. (B) Regulated antisense lncRNA DEGs. (C) Regulated sex chromosome-linked DEGs. Heatmaps
display normalized mean log2(counts) in sample groups (FS, female sham; MS, male sham; FA, female axotomy; MA, male axotomy) and log2FC
in female (F) and male (M); (n = 6 mice/group, 2 mice/sample (pooled), 3 sample/group) of respective DEGs. Heatmap colors correspond to the
respective scales. Log2FC significance was determined in DESeq2 using Wald test: *, p ≤ 0.05; **, p ≤ 0.005; ***, p ≤ 0.0005. DEGs were sorted
by log2FC.

and cytoskeleton-binding proteins was observed in proximal
nerve stumps of both sexes, confirming extensive cytoskeletal
remodeling aimed at rebuilding the growth cone (Lundborg,
1987; Burnett and Zager, 2004; Radtke and Vogt, 2009).

Schwann cell reprogramming

After nerve injury, Schwann cells assume a pro-
regenerative function (Jessen and Mirsky, 2016, 2021;
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FIGURE 10

A summary of activated and inhibited transcriptional programs detected in the proximal nerve stumps 24 h post-axotomy in female and male
mice.

Merrell and Stanger, 2016; Milichko and Dyachuk, 2020),
exhibiting an exceptional phenotypic plasticity (Jessen and
Arthur-Farraj, 2019; Stierli et al., 2019; Nocera and Jacob,
2020) that supports their de-differentiation, proliferation,
and re-differentiation into myelinating and non-myelinating
phenotype to facilitate repair of the respective axons. Schwann
cell reprogramming is controlled by a set of TFs (Balakrishnan
et al., 2021), including Myt1l, Pou3f1/Oct6, Myrf, Olig1/2,
Jun, Sox-, Hox-, and Fox-family members TFs upregulated
at 24 h post-axotomy predominantly in males. Transcripts of
TF genes, such as Fos, Smad3, Creb1, Rac2, Klf6, and Atf3,
that function as RAGs (reviewed in [Van Kesteren et al.,
2011; Ma and Willis, 2015)] in the corresponding DRGs after
PNS injury (Chernov and Shubayev, 2021) were detected
in proximal nerve segments. In addition to transcriptional
activity in cells of the PNS, this accumulation may reflect
an anterograde transport from DRG in coordinated axonal
regeneration processes post-axotomy. Single-cell RNA-seq
and spatial transcriptomics analysis could provide crucial
information on the identity of cell lineages activating these
sexually dimorphic TFs.

The GDNF family of ligands (GDNF, neurturin, artemin,
and persephin), known survival factors for neurons, bind to
GFRA receptors, trigger the phosphorylation of RET tyrosine
kinase receptor (Durbec et al., 1996) that is known to
regulate Pi3k/Akt and Plcγ/Ip3r dependent Ca2+ signaling
during neurogenesis (Fukuda et al., 2002; Lundgren et al.,
2012) and, sometimes, hyperalgesia (Bogen et al., 2008).
Furthermore, GDNF/Gfra1 could interact with neural cell
adhesion molecules such as NCAM to induce an axonal
expansion (Nielsen et al., 2009). GDNF family of ligands
can act in a synergetic manner with other growth factors,
including transforming growth factor-β (Tgf-β) and sonic
hedgehog (Shh) [reviewed in Jessen and Mirsky (2021)].
GDNF signaling can stimulate the migration of neuronal
precursors and Schwann cells (Iwase et al., 2005) to the injury
site in both sexes.

Extracellular proteolysis

The outcome of nerve regeneration after sciatic nerve injury
is partly dependent on the integrity of ECM-rich Schwann
cell basal lamina and endoneurial tubes (Fawcett and Keynes,
1990). Proteolytic cleavage mediated by ECM proteinases and
their endogenous inhibitors is indispensable for morphological
remodeling of regenerating axons (Rivera et al., 2010; Fujioka
et al., 2012; Bajor and Kaczmarek, 2013), after sciatic nerve
injury (Liu et al., 2010). In addition, MMPs control the activity of
critical growth factors, their ligands, and receptors in peripheral
nerve, including IGF and neuregulin/ErbB (Chattopadhyay and
Shubayev, 2009). Mmp17 was upregulated in both sexes and can
convey inflammatory responses due to the TNFα-converting
activity (English et al., 2000).

Intriguingly, a group of MMPs co-localized on the
mouse chromosome 9 (Mmp3, Mmp8, Mmp12, Mmp13, and
Mmp27) have decreased in both sexes. Because MMPs in
the orthologous human chromosome 11q22.3 region could
carry different histone modification marks (Chernov et al.,
2010), epigenetic control of this set of metzincins may be
involved. Consistent with our previous report, MMPs, and many
disintegrin ADAM/ADAM-TS families of the ECM-remodeling
metzincins demonstrate regulated expression in injured nerves
(Chernov et al., 2015).

Notably, protease expression levels were high in intact
and axotomized nerves. Processes of post-translational protease
activation and binding to intrinsic proteinase inhibitors control
potentially cytotoxic proteolytic activities. Aberrant cleavage
of mediators of nociceptive signaling during neurogenesis
potentially causes neuropathic pain (Remacle et al., 2015).
Previously we identified Timps as key genes in the normal
and damaged nerves (Kim et al., 2012; Nishihara et al.,
2015) and post-axotomy DRG (Liu et al., 2015; Chernov
and Shubayev, 2021). Timp1 binds and inhibits all MMPs,
except Mmp14; Timp2 inhibits Mmp14 (Brew and Nagase,
2010). In the proximal nerve, Timp1 demonstrated strong
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upregulation in both sexes. Other upregulated endogenous
inhibitors of proteinases Wfdc5, Fetuin B, Spink1, Itih3, and
Serpineb1b could serve a not well-understood role in nerve
damage response.

Sex-specific control of axonal
trafficking

An intact connection to DRG allows for dynamic axonal
transport of protein and mRNA content between neuronal soma
and the proximal segment of the axotomized nerve (Cavalli
et al., 2005). The anterogradely transported mRNAs from DRG
are directly used for the local protein synthesis at the site
of the injury (Sahoo et al., 2018) and complemented by the
transcriptional repertoire of the resident non-neuronal cells
in the damaged nerve (e.g., Schwann cells, macrophages) that
establish a microenvironment generally permissive for axon
regeneration (Avraham et al., 2021).

Kinesins facilitate anterograde axonal transport of
neurotransmitter receptors, mitochondria [reviewed in
(Fan and Lai, 2021)], and also mRNAs [reviewed in (Kanai
et al., 2004; Turner-Bridger et al., 2020)]. Remarkably, most
kinesin mRNAs were depleted in proximal nerve segments at
24 h post-axotomy, except for members of the conventional
kinesin-1 family Kif5a/b/c increased in males.

Retrograde transport of transcription factors from the site
of nerve injury to DRG has been shown to facilitate the
neuronal survival (Cox et al., 2008) and axon regeneration (Ito
and Enomoto, 2016). In the corresponding DRGs of the same
animal cohort, at 24 h post-axotomy, we observed male-specific
reduction of mRNAs encoding calcium, sodium, and potassium
ion channels as well as ionotropic AMPA, NMDA, and GABA
receptors (Chernov and Shubayev, 2021) that correlated to
their increase in proximal segments in the present study and
presumably, anterograde axonal transport. We conclude that
axonal transport of mRNAs contributes to sex-specific protein
synthesis and downstream signaling programs both in DRG
neurons and regenerating axons at the early stages of response
to sensory nerve damage.

Sex chromosome encoded genes

Sex chromosome-encoded genes were activated in
regenerating sciatic nerves. Several X-linked genes were
differentially regulated in male and female nerves. Among
X-linked genes induced in nerves of both sexes were Timp1,
known to promote regeneration (Kim et al., 2012; Liu et al.,
2015; Nishihara et al., 2015), and Map7d2, involved in kinesin-
mediated cargo transport into the axon (Pan et al., 2019). It
is worth noting that genes associated with the female-specific
epigenetic X-chromosome inactivation (Xi) process were

differentially expressed in DRGs within 24 h after post-axotomy
in the same animal cohort (Chernov and Shubayev, 2021).

Conclusion

The noted remodeling represents baseline sexual
dimorphism in uninjured peripheral nerves and an immediate
regenerative response to nerve injury. The functional
significance of the reported sexual dimorphism remains to
be determined. It is conceivable that, at least partially, sex
differences were equalized over the time-course of nerve
injury. Single-cell RNA-seq and spatial transcriptomics analysis
could provide crucial information on the identity of cell
lineages activating these sexually dimorphic coding and
non-coding RNAs.

Materials and methods

Reagents

Detailed descriptions of reagents and resources are included
in Supplementary Table 3.

Animals

Female and male C57BL6/J mice (6–8 weeks old, Jackson
Labs, n = 24) were housed in a temperature-controlled room
(22◦C) on a 12 h light/dark cycle with ad libitum access to food
and water. The mice were randomly assigned to axotomy and
sham groups by sex (n = 6/group). Under isoflurane anesthesia,
the left sciatic nerve was exposed at the mid-thigh level, followed
by a complete transection using sterile microsurgery scissors. In
the sham group, anatomically equivalent nerves were subjected
to exposure without transection. The muscle was sutured, and
the skin stapled. At 24 h after surgery, proximal segments
of the sciatic nerve, corresponding to previously investigated
lumbar (L)4 and L5 DRG tissues (Chernov and Shubayev,
2021), were collected for RNA isolation. All animal procedures
were performed according to the Policy on Humane Care and
Use of Laboratory Animals and the protocol approved by the
Institutional Animal Care and Use Committee at the VA San
Diego Healthcare System.

Samples

All surgical and tissue harvesting instruments were sterilized
and repeatedly treated with RNase Away reagent followed by
RNase-free water rinse. Tissues were immediately submerged
in 500 µl RNAlater Stabilization Solution to preserve RNA
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integrity, placed at 4◦C overnight, then transferred for storage at
–20◦C. All sample groups were processed in parallel to minimize
batch effects. Proximal stumps of sciatic nerve tissues were
pooled from 2 mice per group for RNA purification.

RNA purification

Nerve tissues were transferred in Trizol solution
(Invitrogen) and disrupted by mechanical homogenization.
Total RNAs were purified using RNeasy RNA purification
reagents. RNA concentrations and quality were determined
using Nanodrop absorbance ratios at 260/280 nm and
260/230 nm. RNA integrity indices were determined using
the Agilent Bioanalyzer Nano RNA chip. 500 ng of total
RNA samples (n = 6 mice/group, 2 mice/sample (pooled), 3
sample/group) with RIN ≥ 7.0 were used for RNA-seq.

RNA sequencing (RNA-seq)

mRNA libraries were generated following the TruSeq
Stranded mRNA library preparation protocol (Illumina). In
brief, the Poly-A enriched mRNAs were purified using
poly-T oligo coupled magnetic beads, followed by mRNA
fragmentation, first and second strands synthesis, cleaning
on AMPure XP magnetic beads, and 3’-adenylation. Ligation
of TruSeq dual-index adapters was used for barcoding. The
quality of RNA-seq libraries was validated using qPCR. Libraries
were sized on Agilent Bioanalyzer DNA high sensitivity chip
and normalized. RNA-seq was performed using the paired-
end 100 cycle program on the NovaSeq 6000 system at the
Genomics High Throughput Facility (University of California
Irvine). Base calls were recorded and converted to FASTQ
files containing sequencing reads and the corresponding quality
scores using Illumina software. Sequencing was conducted
until we acquired at least 50 million paired-end reads per
sample.

RNA sequencing (RNA-seq) data
analysis

FASTQ files were uploaded to the Amazon S3 server
and processed using Elastic Compute Cloud (EC2) [Amazon
Web Services (AWS)] running Ubuntu Server 20.04 LTS
(64-bit ARM). Data analysis steps are summarized in
Supplementary Figure 1 and Supplementary Table 3.
FASTQ files were filtered to remove low-quality bases,
TruSeq dual-index adapter sequences, and unpaired reads
using Trimmomatic (Bolger et al., 2014). Transcript-level
quantification and mapping were performed using Salmon
(Patro et al., 2017) and the Gencode M29 mouse genome.

Mapping coverage was estimated in MultiQC (Ewels et al.,
2016). Transcript- to gene-level quantifications were done
using Tximeta (Love et al., 2020). Gene count matrices
were processed in the DESeq2 (Love et al., 2014). Log2FC
values were calculated using the Wald test and adjusted
using the adaptive t-prior apeglm method (Love et al., 2014).
Significant DEGs were identified by Padj values below a false
discovery rate (FDR) cutoff (Padj < 0.1) (Supplementary
Table 1). Padj < 0.1 were used in downstream analyses
unless otherwise noted. Batch effects were controlled
using the removeBatchEffect tool (Ritchie et al., 2015) and
RUVseq (Risso et al., 2014) functions. DEGs were visualized
using ggVennDiagramm, PCAtools, ComplexHeatmap, and
EnhancedVolcano R packages.

Signaling pathway analysis

Prediction and biological interpretation of the regulated
signaling pathways and upstream regulators in female
and male animals was made in IPA using the default
parameters (Krämer et al., 2014). Significance criteria of
Padj < 0.1, log2FC > 1 or log2FC < -1 were applied.
Regulation directionality was estimated in IPA based
on z-scores. Gene ontology terms were determined
using Geneontology1 and the STRING database using the
default parameters.
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We describe the characterisation of a variable number tandem repeat (VNTR)

domain within intron 1 of the amyotrophic lateral sclerosis (ALS) risk gene

CFAP410 (Cilia and flagella associated protein 410) (previously known as

C21orf2), providing insight into how this domain could support di�erential

gene expression and thus be a modulator of ALS progression or risk. We

demonstrated the VNTR was functional in a reporter gene assay in the

HEK293 cell line, exhibiting both the properties of an activator domain and

a transcriptional start site, and that the di�erential expression was directed by

distinct repeat number in the VNTR. These properties embedded in the VNTR

demonstrated the potential for this VNTR to modulate CFAP410 expression.

We extrapolated these findings in silico by utilisation of tagging SNPs for the

two most common VNTR alleles to establish a correlation with endogenous

gene expression. Consistent with in vitro data, CFAP410 isoform expression

was found to be variable in the brain. Furthermore, although the number of

matched controls was low, there was evidence for one specific isoform being

correlated with lower expression in those with ALS. To address if the genotype

of the VNTR was associated with ALS risk, we characterised the variation of

the CFAP410 VNTR in ALS cases and matched controls by PCR analysis of

the VNTR length, defining eight alleles of the VNTR. No significant di�erence

was observed between cases and controls, we noted, however, the cohort

was unlikely to contain su�cient power to enable any firm conclusion to be

drawn from this analysis. This data demonstrated that the VNTR domain has
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the potential to modulate CFAP410 expression as a regulatory element that

could play a role in its tissue-specific and stimulus-inducible regulation that

could impact the mechanism by which CFAP410 is involved in ALS.

KEYWORDS

CFAP410, ALS, VNTR, gene expression, transcriptional regulation

Introduction

Amyotrophic lateral sclerosis (ALS) is a fatal

neurodegenerative disease primarily of the motor system,

characterised by upper and lower motor neuron death, muscle

atrophy and paralysis (Hardiman et al., 2017). ALS heritability

has previously been estimated to be as high as 61%, indicating a

significant genetic contribution to the variation in ALS risk and

susceptibility (Al-Chalabi et al., 2010; Hardiman et al., 2017),

and now there are over 40 genes associated with the disease, of

varying effect sizes (Wroe et al., 2009; Abel et al., 2012; Shatunov

and Al-Chalabi, 2021). Occasionally, patients can harbour

multiple mutations, highlighting that ALS is a complex disease

(van Blitterswijk et al., 2012a,b; Al-Chalabi and Visscher, 2014;

Cady et al., 2015; Bury et al., 2016; Zou et al., 2017; Nguyen

et al., 2018; Goldstein et al., 2019; Yilmaz et al., 2022). There

is also evidence that ALS pathogenesis is a multistep process,

with both genetic and environmental risk factors working

in concert via gene–environment interaction (Al-Chalabi

et al., 2014; Chio et al., 2018; Vucic et al., 2019; Garton et al.,

2021). While genome-wide association studies have helped to

uncover regions associated with ALS, it has been shown that

single nucleotide polymorphisms (SNPs) only account for a

small fraction of ALS heritability (van Rheenen et al., 2016).

Furthermore, it has been shown that structural variants could

be a key source of this missing heritability (Theunissen et al.,

2020), with the hexameric repeat expansion in the first intron

of the C9orf72 gene the most commonly reported mutation in

European ALS patients (Zou et al., 2017). Since the discovery of

the C9orf72 repeat expansion, there have been numerous studies

investigating tandem repeat DNA and structural variation in

ALS (DeJesus-Hernandez et al., 2011; Renton et al., 2011; Blauw

et al., 2012; Lattante et al., 2018; Tazelaar et al., 2019, 2020;

Course et al., 2020; Al Khleifat et al., 2022).

Abbreviations: ALS, Amyotrophic lateral sclerosis; ENCODE, The

Encyclopaedia of DNA Elements; CFAP410, Cilia and flagella associated

protein 410; MAF, Minor allele frequency; MND, Motor neuron disease;

NNC, Non-neurological controls; NYGC ALS, New York Genome Centre

Consortium Target ALS; SNP, Single nucleotide polymorphism; UCSC,

University of California, Santa Cruz; VNTR, Variable number tandem

repeat.

Tandem repeats are DNA sequence motifs that are recurrent

and found contiguously in a region of the genome. Such tandem

repeats constitute ∼3% of the human genome (Bakhtiari et al.,

2018; Hannan, 2018). They are often found to be polymorphic

in the general population and are thus termed variable number

tandem repeats (VNTRs); furthermore, specific alleles can be

risk factors for diseases, which are often neurological in nature

(Lam et al., 2018; Roeck et al., 2018; Pacheco et al., 2019).

Non-coding VNTRs can be functional in a number of ways:

they can act as transcription factor binding sites (Hsieh et al.,

2007; Ali et al., 2010; Zukic et al., 2010), drive gene expression

on the basis of repeat number (Warburton et al., 2015), work

in concert with other genetic variants to induce combinatorial

regulation (Warburton et al., 2016), regulate splicing (Roeck

et al., 2018) andmodulate gene expression and CpGmethylation

levels at the genome-wide level (Gymrek et al., 2016; Quilez

et al., 2016). Thus, VNTRs are key transcriptional regulatory

domains within the human genome, with repeat copy numbers

driving differential gene expression profiles, altering affinity

for transcription factors at gene promoters and modifying the

secondary structure of DNA, all of which would modify gene

expression both in a tissue specific and stimulus inducible

manner (Marshall, 2021).

To date, five genes linked to ALS have been identified

to contain tandem repeat domains (C9orf72, ATXN1, ATXN2,

NIPA1 and WDR7) demonstrating that VNTRs are a strong

candidate for genetic risk for this disease (Sproviero et al.,

2017; Iacoangeli et al., 2019; Tazelaar et al., 2019, 2020; Course

et al., 2020). More recent global analysis to prioritise causal

genes within ALS-risk loci has utilised not only rare pathogenic

variants but also analysis of short tandem repeat domains

of six bases or less (van Rheenen et al., 2021). This study

highlighted the association of SNP rs75087725 within Cilia

and flagella-associated protein 410 (CFAP410) as a missense

variant associated with ALS but found no evidence for other

variants including short-tandem repeat expansions within this

locus associated with ALS. However, the bioinformatic pipelines

used would not be able to accurately address larger VNTRs.

Our analysis of transcriptional regulation of the CFAP410 gene

highlighted six tandem repeats at this locus, five of which were

not variable in repeat copy number. However, there was a VNTR

in intron 1 of CFAP410 with a complex repeat domain of 22 bp

or 35 bp extending to 500–600+bp in length (Marshall, 2021)
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(Figure 1, Supplementary Figure 2B). We therefore tested the

hypothesis that the CFAP410 VNTR within intron 1 of the most

5’ transcriptional start site is a transcriptional regulatory domain

and that tandem repeat variation could be associated with both

differential gene expression of CFAP410 and risk for ALS.

Materials and methods

ALS cohort used for PCR genotyping of
CFAP410 VNTR

Genomic DNA purified from the blood of ALS cases and

controls was obtained from the UK Motor Neuron Disease

(MND) Collection DNA and Cell Bank, which was used for

PCR-based genotyping of the CFAP410 VNTR. A total of 500

ALS samples were provided, 456 from people fulfilling the El

Escorial criteria, 21 with progressive muscular atrophy, 12 with

ALS restricted to progressive bulbar palsy and 11 with primary

lateral sclerosis. A total of 333 people with ALS were male and

167 were female, with an age range of 24–91 years old and a

disease age of onset range of 23–88 years old. A panel of 499

controls was also obtained: 188 were male and 311 were female

with an age range of 27–84 years old. The genotyping analysis

was performed using this gender ratio because this was the total

cohort size available to us in this database. We therefore did not

generate a gender risk bias on the VNTR.

Identification of the CFAP410 VNTR

Tandem repeats in the CFAP410 locus were identified

on UCSC HG19 (https://genome.ucsc.edu/) using the Simple

Tandem Repeats track from Tandem Repeat Finder (https://

tandem.bu.edu/trf/trf.submit.options.html) (Benson, 1999). A

total of six distinct tandem repeats were identified over this

locus; we focused on the repeat within intron 1, which is the only

one we found to be variable in repeat number.

Genotyping the CFAP410 VNTR

The VNTR was amplified by PCR, forward 5
′

AACCCCAGACAACAGACCC 3
′

and reverse 5
′

CTGACGCGGAAGATGGTTC 3
′

primers were designed to

amplify the full-length VNTR sequence (584bp). Amplification

reactions used KOD Hot Start DNA polymerase (Merck)

with 1× hot start buffer and the recommended protocol.

The products were analysed on 2% agarose gels stained

with ethidium bromide. Association analysis was performed

comparing allele frequencies between controls and ALS

cases using the software programme CLUMP with 100,000

simulations (Sham and Curtis, 1995).

Cell culture

The human embryonic kidney cell line, HEK293 (ATCC R©

CRL-1573TM), was cultured in the Dulbecco’s Modified Eagle’s

Media (DMEM) (Gibco) containing 4.5 g/L D-glucose and

200mM L-glutamine (Gibco), supplemented with 10% foetal

bovine serum (Gibco), penicillin/streptomycin (100 U/ml, 100

mg/ml; Sigma) and 1% (v/v) 100mM sodium pyruvate (Sigma).

Cells were incubated at 37◦C in 5% CO2.

Generation of CFAP410 VNTR reporter
gene constructs

The CFAP410 VNTR was amplified from genomic DNA

by PCR using the KOD Hot Start DNA polymerase following

the recommended protocol. The VNTR was subcloned into

the intermediate Zero Blunt PCR Vector (Invitrogen). This

intermediate plasmid was then digested with restriction enzymes

and the VNTR insert was cloned within the multiple cloning site

of the reporter gene vectors either pGL3-promoter (pGL3P) or

pGL3-basic (pGL3B) (Promega) in both orientations (forward

and reverse) [restriction digests, vector maps and sequencing

available at Marshall (2021)]. In pGL3P the VNTR was located

upstream of the SV40 minimal promoter to address action as an

activator, and cloned in pGL3B to address putative function as

an inherent transcriptional start site.

Cell transfection and dual luciferase assay

HEK293 cells were seeded at approximately 100,000

cells per well in 24-well-plates. After 48 h of incubation,

cells were co-transfected with 1 µg reporter gene plasmid

(firefly luciferase) containing the VNTR sequences and

20 ng pRL control vector for normalisation (Renilla

luciferase; Novagen) using TurboFectTM transfection reagent

(ThermoScientific/Fermentas), according to the manufacturer’s

protocol. TurboFectTM was removed after 4 h of incubation

and replaced with fresh media. Luciferase activity of reporter

constructs was measured 48 h post-transfection using a dual

luciferase reporter assay system (Promega) according to the

manufacturer’s instructions.

Generation of CFAP410 VNTR tagging
SNPs

Samples from the UK MND Collections DNA bank had

previously been analysed as part of Project MinE (van der Spek

et al., 2019), and therefore, SNP genotype data were available for

individuals that were part of this study. The genotypes of SNPs

located within 500 kb of the CFAP410 gene were extracted from

Frontiers inMolecularNeuroscience 03 frontiersin.org

113

https://doi.org/10.3389/fnmol.2022.954928
https://genome.ucsc.edu/
https://tandem.bu.edu/trf/trf.submit.options.html
https://tandem.bu.edu/trf/trf.submit.options.html
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org


Marshall et al. 10.3389/fnmol.2022.954928

FIGURE 1

Location of multiple transcripts at the CFAP410 gene locus relative to the intron 1 VNTR. (A) The four main isoforms of CFAP410 overlaid with
the Simple Tandem Repeats track and histone marks from the ENCODE database. The ALS GWAS SNP (rs75087725) and identified tagging SNP
(rs56212056) are also shown. The VNTR identified in this study is boxed in red. (B) CFAP410 VNTR location overlaid with RefSeq genes from
NCBI and predicted transcripts from Ensembl database. (C) PCR amplification and gel electrophoresis of the VNTR within the CFAP410 locus.
This region was confirmed to be polymorphic and eight alleles were identified (numbered 1–8 to reflect increasing length). Variant 7 was found
only in a single ALS case. All samples were run at 100V on 2% agarose for 3.5 h. All samples shown are from the cohort of ALS cases and controls
that are genotyped in Table 1.

232 individuals who were either homozygous or heterozygous

for the two commonest alleles (4 and 5) of the VNTR. Analysis

was performed using plink (v1.07) (Purcell et al., 2007) to

identify SNPs in linkage disequilibrium (r2 >0.7) with alleles

4 and 5 of the VNTR.

Analysis of CFAP410 isoform expression
using NYGC ALS dataset

RNA-seq data from the Target ALS cohort obtained from

the New York Genome Centre Consortium were analysed

(https://www.targetals.org/research/resources-for-scientists/).

Data were available from different tissues of 211 people,

including 178 with ALS, 5 with other neurological diseases

(frontotemporal dementia, Alzheimer’s disease and multiple

system atrophy), 2 with other motor neuron diseases (spinal

bulbar muscular atrophy and polio) and 26 non-neurological

controls (NNC). RNA-seq data from the following tissues

(total 1,170) were included: cerebellum (161), frontal cortex

(169), medial motor cortex (148), lateral motor cortex (147),

unspecified motor cortex (9), occipital cortex (81), temporal

cortex (10), sensory cortex (2), lumbar spinal cord (147),

cervical spinal cord (161), thoracic spinal cord (76), iPS cell line

(4), motor neuron cell line (4), choroid plexus (35), medulla (1)

and liver (15) (Supplementary Table 1). Isoform quantification

of RNA-seq data was performed using the Salmon tool (https://

salmon.readthedocs.io). Salmon-generated quant files were

imported into R using the tximport function from the tximport

package of R (Soneson et al., 2015). Counts were extracted with
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TABLE 1 Allele and genotype frequencies of CFAP410 VNTR in MNDA cohort.

(A)

Allele

Cohort ALS cohort Control cohort Total % Difference (ALS–Control) p-value (Fisher’s exact test)

Count % Count %

1 2 0.20 5 0.51 7 −0.30 0.67

2 3 0.31 2 0.20 5 0.10 0.50

3 10 1.02 11 1.12 21 −0.10 1.00

4 224 22.86 220 22.31 444 0.54 0.93

5 730 74.49 737 74.75 1,467 −0.26 0.75

6 5 0.51 6 0.61 11 −0.10 1.00

7 1 0.10 0 0 1 0.10 0.50

8 5 0.51 5 0.51 10 0.00 0.50

Total 980 100.00 986 100.00 1,966 0.00 N/A

(B)

Genotype

Cohort
ALS cohort Control cohort Total % Difference (ALS - Control) p-value (Fisher’s exact test)

Count % Count %

1.4 1 0.20 1 0.20 2 0.00 1.00

1.5 0 0.00 4 0.81 4 −0.81 0.22

2.2 1 0.20 0 0.00 1 0.20 1.00

2.4 1 0.20 0 0.00 1 0.20 0.50

2.5 0 0.00 2 0.41 2 −0.41 0.50

3.4 1 0.20 1 0.20 2 0.00 1.00

3.5 9 1.84 10 2.03 19 −0.19 0.71

4.4 28 5.71 27 5.48 55 0.24 0.57

4.5 161 32.86 159 32.25 320 0.61 0.59

4.6 3 0.61 3 0.61 6 0.00 0.50

4.8 1 0.20 2 0.41 3 −0.20 1.00

5.5 277 56.53 278 56.39 555 0.14 0.76

5.6 2 0.41 3 0.61 5 −0.20 0.61

5.7 1 0.20 0 0.00 1 0.20 0.50

1.8 1 0.20 0 0.00 1 0.20 1.00

5.8 3 0.61 3 0.61 6 0.00 1.00

Total 490 100.00 493 100.00 983 0.00 N/A

(A) The distribution of the eight identified alleles of the CFAP410 VNTR in an ALS cohort (n= 490) and matched controls (n= 493) was analysed. Alleles 2 and 7 were the least frequent,

allele 7 being the rarest found only once in an ALS patient. There was no significant difference in allele frequency between the ALS cohort and matched controls (Fisher’s exact test). (B)

The distribution of the 12 identified genotypes of the CFAP410 VNTR in an ALS cohort and matched controls. There is no significant difference in genotype frequency between the ALS

cohort and matched controls (Fisher’s exact test).

the DESeqDataSetFromTximport function and raw counts were

normalised using the median-of-ratios method, implemented in

theDESeq2 package (Love et al., 2014). TheDESeq2 package in R

was also used to detect statistically significant differences in the

CFAP410 isoform expression profiles between different subject

groups (ALS vs. NNC). The ggplot2 package in R containing the

geom_boxplot function was used to visualise the data specifying

the stat_summary function to mean. The unpaired Wilcoxon

test was used to compare two independent groups of samples

and to demonstrate statistical significance (p-values and effect

size can be found in Supplementary Figure 2A, and a histogram

plot for the distribution of data for CFAP410 ENST00000462742

is shown in Supplementary Figure 5).

Tagging SNP analysis identified that genotypes (AA, GA

and GG) of rs56212056 are correlated with the two commonest

alleles 4 (A) and 5 (G). The association of the three different

SNP alleles with differential CFAP410 isoform expression was

analysed. The unpaired Wilcoxon test was used to compare two
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independent groups of samples and to demonstrate statistical

significance between different cases and controls and tagging

SNP genotype, respectively (p-values and effect size can be

found in Supplementary Figure 2B). LD analysis of the CFAP410

locus including the analysis of 31 SNPs from 243 individuals

within Project MinE shows no evidence for significant LD

with any of the tested SNPs across the region other than the

associations made for alleles 4 and 5 of the CFAP410 VNTR

(Supplementary Figure 3).

Results

Characterisation of isoform expression at
the CFAP410 locus

The CFAP410 gene contains an SNP (rs75087725) that is

associated with ALS risk (p = 3.08 × 10−10) (van Rheenen

et al., 2016). Analysis of the CFAP410 gene using the tandem

repeat track on UCSC (https://genome.ucsc.edu/) led to the

identification of six distinct tandem repeat domains at this locus.

We focus in this communication on the VNTR in intron 1

(Figure 1A), which was the only one that was variable in repeat

number. We noted its location relative to the transcriptional

start sites and its primary sequence had high GC content

(84%) and sequences related to those found in the C9orf72

VNTR (Supplementary Figure 1 and Figure 1B). It is difficult for

global analysis such as ChIPseq to correctly assign ENCODE

data over VNTRs themselves; however, when the VNTR was

overlaid with ENCODE data, it was found to be adjacent to the

markers H3K4Me1 (a marker of regulatory domains associated

with enhancers), H3K4Me3 (a marker of regulatory domains

associated with promoters) and H3K12Ac (a marker of active

regulatory domains associated with active enhancer elements)

(Supplementary Figure 1). On RefSeq analysis, this VNTR was

found within intron 1 of isoforms 1–3 of CFAP410 and it could

be a component of a promoter region for isoforms that initiate

3’ of the VNTR. Extending RefSeq analysis to include Ensembl

transcript data increased the number of isoforms identified

at this locus (shown in red in Figure 1A). Specifically, this

identified a predicted transcript initiating immediately 5’ of the

VNTR, Ensembl transcript (ENST00000462742), and an anti-

sense transcript relative to CFAP410, which was annotated as a

long non-coding RNA on Ensembl (ENST00000426029).

Expression of isoforms in CNS

Transcriptomic data from the Target ALS cohort was

utilised to assess the expression of CFAP410 isoforms in the

CNS. Isoform expression analysis showed that five CFAP410

isoforms are expressed in the CNS (Figure 5A). The anti-

sense transcript (ENST00000426029) relative to CFAP410

showed no expression in this RNA-seq dataset (Figure 5A).

We next analysed the differential expression of CFAP410

isoforms in case and control subjects (Figure 2). The isoform

ENST00000462742 showed significantly reduced expression

in cases compared to controls (Figure 2D). This isoform was

annotated as a non-coding retained intron transcript. The other

two predominantly expressed isoforms (ENST00000339818

and ENST00000325223) demonstrated a similar pattern of

expression to ENST00000462742; however, these associations

did not reach statistical significance (Figures 2A,B). The

remaining CFAP410 isoforms (ENST00000397956 and

ENST00000496321) showed very low expression levels,

therefore the data for these isoforms did not give us sufficient

power to identify evidence for differential expression between

case and control subjects (Figures 2C,E).

The intron 1 VNTR has a minimum of
eight distinct alleles

PCR amplification and gel electrophoresis of the VNTR

within the CFAP410 locus was performed in a subset of

the cohort from the UK MND Collection DNA Bank (n

= 983). This region was confirmed to be polymorphic

and eight alleles were identified (numbered 1–8 to reflect

increasing length) (Figure 1C). The sequence of allele 5

of the VNTR (Supplementary Figure 1B) was found to be

comprised of two distinct repeat lengths, 35 and 22bp

long, respectively. Furthermore, four alleles were sequenced

(Supplementary Figure 1B) and were found to contain the same

two repeat lengths in varying patterns. From PCR of this limited

number of genomes, the most common alleles were those

termed 4 and 5, which contained 9 and 10 repeats, respectively

(Supplementary Figure 1B).

The CFAP410 VNTR has both the
properties of an activator domain and a
transcription start site

To determine the potential ability of the CFAP410 VNTR to

regulate transcription, in vitro reporter gene assays were used.

The most common alleles (alleles 4 and 5) were cloned in both

orientations of the VNTR into the pGL3-P vector upstream

of the SV40 minimal promoter and luciferase activity was

compared to the activity of the pGL3-P vector alone. Both alleles

demonstrated transcriptional regulatory properties (Figure 3).

Alleles 4 and 5 in the endogenous orientation demonstrated

a 2.64- and 1.71-fold increase in expression of luciferase

over pGL3p alone, respectively, with both being statistically

significant (Allele 5, 1.71 ± 0.13, T-test, p = 1.08 × 10−6 and

Allele 4, 2.64 ± 0.18, T-test, p = 3.54 × 10−6). Furthermore,
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FIGURE 2

Di�erential expression of CFAP410 in Case and Controls in the CNS using the NYG transcriptomic data. Expression analysis of CFAP410 isoforms
in ALS and control subjects. RNAseq data from the NYGC ALS cohort were used to compare expression of CFAP410 isoforms ENST00000339818
(A), ENST00000325223 (B), ENST00000397956 (C), ENST00000462742 (D) and ENST00000496321 (E). Wilcoxon test was applied to demonstrate
statistical significance indicated as asterisks. **P ≤ 0.01.

there was a significant difference in luciferase activity when

cloned in this direction between alleles 4 and 5 (T-test, p =

4.39 × 10−7), with allele 4 showing a larger enhancement of

reporter gene activity. In the reverse orientation, allele 5 alone

demonstrated a mild decrease in expression compared to empty

pGL3P (0.82±0.03, T-test, p = 1.49 × 10−7), but no change

from empty pGL3P was observed for allele 4 in the reverse

orientation (1.04± 0.06, T-test, p= 3.70× 10−1).

The location of the VNTR upstream of the Ensembl

transcripts ENST00000462742 and ENS00000496321

(equivalent position to the RefSeq short isoform) and the

anti-sense transcript (ENST00000426029) (Figures 1A,B)

suggested that it could elicit promoter activity. This might be

especially true for ENST00000462742, which is directly adjacent

to the VNTR, as it has been known for some time that GC-rich

sequences can act to initiate transcription in those promoters

that lack a TATA box (Kageyama et al., 1989). The VNTR

primary sequence demonstrated high GC content (84%), which

was consistent with such a model. To address this hypothesis,

alleles 4 and 5 of the VNTR were cloned in both orientations
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FIGURE 3

The CFAP410 VNTR shows functional properties in the pGL3-P vector in the HEK293 cell line. (A) Schematic for VNTR containing constructs and
pGL3 vectors (Promega) used in the luciferase assay. (B) The fold activity of alleles 4 and 5 of the CFAP410 VNTR in the endogenous (forward)
orientation within the pGL3P vector, normalised to the internal control Renilla luciferase (Biological replicate n = 3, technical replicate per assay
n = 4). The promoter-less vector (pGL3-B) was included as a negative control. T-test was used to compare VNTR-containing constructs to SV40
unmodified vector (pGL3-P) and to compare all VNTR containing constructs against each other. ***P = <0.001.

into pGL3-B (Promega) containing a firefly luciferase reporter

without a promoter, which is a well-characterised model to

test if a region of DNA can act as a transcriptional start site in

reporter gene studies. The unmodified pGL3-P vector (Figure 4)

was included in this assay as it contains the minimal SV40 early

promoter and therefore serves as a positive control for the level

of expression directed by a well-characterised promoter in this

cell line model. Both orientations of the VNTR demonstrated

promoter activity which would require these domains to act as

a transcriptional start site to allow expression of the luciferase

reporter. This was especially true in the reverse orientation;

VNTR orientations are given as endogenous and reverse to

reflect that found in relation to the CFAP410 gene. VNTR allele

4 in the endogenous orientation led to a 17.02-fold increase in

luciferase expression (17.02 ± 0.67, T-test, p = 1.81 × 10−13),

while the reverse orientation induced a 100.60-fold increase

in reporter gene activity (100.60 ± 1.83, T-test, p =2.38 ×

10−17) (Figure 4). Similarly, a 20.37-fold increase in luciferase
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FIGURE 4

The CFAP410 VNTR shows promoter activity in the pGL3-B vector in HEK293. (A) Schematic for VNTR containing constructs and pGL3 vectors
(Promega) used in luciferase assay. (B) The fold activity of the CFAP410 VNTR in the endogenous and reverse orientation within the pGL3-B
vector normalised to the internal control Renilla luciferase (Biological replicate n = 3, technical replicate per assay n = 4). The pGL3-P vector
was included as a positive control as this contains an SV40 promoter. T-test was used to compare VNTR containing constructs to each other
(allele 4 vs. allele 5) and promoterless vector alone (pGL3-B). T-test was also used to compare VNTR containing constructs to the SV40
promoter vector (pGL3-P). ***P = <0.001.

expression was observed in the allele 5 endogenous construct

(20.37±0.72, T-test, p = 4.88 × 10−14), while a 113.25-fold

increase in luciferase activity in the allele 5 reverse orientation

VNTR construct was observed (113.25 ± 4.16, T-test, p = 5.27

× 10−14). For comparison, the pGL3-P vector demonstrated

a 46.98-fold increase in luciferase expression when compared
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to empty pGL3-B (46.98±1.28, T-test, p = 1.09 × 10−15).

Thus, overall, a moderate but statistically significant increase in

luciferase activity was observed in both endogenous orientation

VNTR constructs when compared to empty pGL3-B, but this

was significantly less than the SV40 minimal promoter activity

seen with pGL3-P (T-test, p = 1.09 × 10−15). However, in the

reverse orientation, a statistically significant increase compared

to pGL3-P was observed: a 2.1- and a 2.4-fold increase in

luciferase expression by alleles 4 and 5, respectively. Overall,

both alleles of the VNTR induced a significant increase in

reporter gene expression compared to empty pGL3-B, but allele

5 drove the largest effect in this model. This data suggests the

possibility that the VNTR has promoter activity to initiate and

direct expression at the CFAP410 locus.

VNTR variation is associated with
CFAP410 gene expression in silico

We identified SNP rs56212056 to be in moderate linkage

disequilibrium (r2 = 0.75, D’ = 0.949) with the two most

common alleles (termed alleles 4 and 5) of the VNTR. It was

not possible to identify tagging SNPs for the rarer VNTR alleles

in this study given their frequency in the population and the

size of our cohort. The A allele of the SNP was found to be

correlated with allele 4 of the VNTR and the G allele with

allele 5. We used the Target ALS brain expression data to

correlate these variants with CFAP410 isoform expression. The

association of three different SNP genotypes (AA, GA and GG)

based on the correlation with allele 4 (A) or allele 5 (G) was

analysed (Figure 5). We observed differential levels of isoform

expression correlated with distinct G or A genotypes. Three

CFAP410 isoforms (ENST00000339818, ENST00000325223 and

ENST00000462742) showed significantly reduced expression

with GG genotype compared to both GA and AA genotype

(Figures 5B–E). This was in contrast with the levels of

expression of the isoform ENST00000496321 where the opposite

pattern was observed (Figure 5E). Isoform ENST00000397956

correlated with significantly reduced expression in subjects with

two copies of allele 5 (GG genotype) compared to subjects with

the GA genotype only indicating one allele 4 and one allele 5 are

present (Figure 5D). The data indicate that distinct VNTRs are

able to support differential gene expression in the brain.

Genotyping the VNTR

To assess if specific VNTRs in this region were associated

with ALS, the CFAP410 VNTR was genotyped in a cohort

of cases and controls (Table 1). The VNTR was amplified by

PCR from blood-derived genomic DNA from patients (n =

490) and controls (n = 493) and a total of eight alleles of the

CFAP410 VNTR were identified and numbered according to

increasing length. Allele 5 (reference genome variant, 584 bp)

was the most common allele and was present in 74.49% of cases

and 74.75% of controls; no significant difference in frequency

was found between the two populations (Fisher’s exact test, p

= 0.75). The next most common variant was allele 4, which

was identified in 22.86% of cases and 22.31% of controls: no

significant difference in allele frequency was observed between

the two groups (Fisher’s exact test, p = 0.93). The other six

alleles were infrequent in the population, with no statistically

significant differences being observed (Table 1). There was also

no significant difference in the allele frequencies of the eight

alleles of the CFAP410 VNTR when comparing controls and

cases using CLUMP software (T1, p= 0.91 and T4, p= 0.94).

To determine the repeat composition and length of the

VNTR alleles, the two alleles found most commonly in this

cohort (alleles 4 and 5) and two of the rare variants (alleles

2 and 8) were cloned and sequence validated. All alleles were

found to be a composite of various numbers of both a 22 bp and

35 bp repeat unit (Supplementary Figures 1A,B). The primary

sequence of the VNTR demonstrated variation in the actual

sequence of both the 22 or 35 bp repeat unit and the repeating

structure indicated a more complex evolution of variation than

simply separating into two blocks. It may be of interest to note

that the most 5’ repeat element had only 34 bp.

Discussion

We have demonstrated that the VNTR in intron 1 of the

CFAP410 gene was functional as a transcriptional regulator in

vitro. It served as a transcriptional regulatory domain in reporter

gene constructs in the HEK293 cell line and directed differential

gene expression on the basis of repeat number as both an

activator domain and transcriptional start site/promoter. These

data were extended to in silico analysis in which tagging SNP

analysis for the two most common alleles of this VNTR was

associated with differential gene expression of CFAP410 in the

brain. This VNTR was found to be highly variable in the general

population, with at least eight distinct variants, but there was

no significant association of specific genotype with ALS risk.

Nevertheless, our data indicated the regulatory properties of this

VNTR could support differential regulation of CFAP410 based

on the copy number of the repeat. The ability of the VNTR to

direct such expression could be one parameter that works in

conjunction with other mechanisms at this locus that could lead

to the progression or severity of ALS to specific challenges in

the CNS.

It has been established that VNTRs can be both biomarkers

for disease risk and also functional regulatory domains affecting

both transcription and post-transcriptional mechanisms

as reviewed recently (Marshall et al., 2021). These latter

transcriptional properties can be exhibited together for the same

VNTR as in the case of the monoamine oxidase A (MAOA) gene

(Manca et al., 2018) and a VNTR in themir137 gene (Warburton
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FIGURE 5

The expression of CFAP410 isoforms is associated with tagging the SNP rs56212056 genotype. (A) CFAP410 isoform expression using RNAseq
data from the NYGC Target ALS cohort. (B–F) Association of three di�erent SNP genotypes (AA, GA, and GG) with an expression of isoforms
ENST00000339818, ENST00000325223, ENST00000397956Q24, ENST00000462742, and ENST00000496321 was analysed based on the
correlation with allele 4 (A) or allele 5 (G) using transcriptomic data from the NYGC ALS cohort. Wilcoxon test was applied to demonstrate
statistical significance indicated as asterisks. *P = <0.05, **P = <0.01, ***P = <0.001, ****P = <0.0001, ns > 0.05.

et al., 2016). Indeed, we have previously demonstrated that a

human-specific intron 2 VNTR within the serotonin transporter

gene can direct both tissue-specific and differential levels

of reporter gene expression in a mouse transgenic model

(MacKenzie and Quinn, 1999). We hypothesise that similar

mechanisms may operate on the CFAP410 VNTR, which could

lead to distinct levels of expression from different alleles in

response to the same cellular challenge. Specifically, we theorise

that the association of the two most common alleles with

differential CFAP410 expression can be extrapolated to such

properties being embedded in the other minor VNTR alleles.

The genomic location of the CFAP410 gene is a complex

region with multiple isoforms that can be either coding or non-

coding in nature, indeed one of the isoforms ENST00000462742
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has the hallmarks of a retained intron (Monteuuis et al.,

2019) (Figure 1). Interestingly, this isoform was significantly

downregulated in the cases relative to the controls. Notably,

retained introns have higher GC content compared to introns

that are not and this is true for the large GC-rich VNTR

found in this intron of CFAP410, similarly the difference in

the size of the VNTR and thus relative GC content could

affect the efficiency of retention. This is consistent with a

model in which the presence of RNA structures induced by the

GC-rich microsatellite expansions has an inhibitory effect on

splicing (Sznajder et al., 2018). New techniques and improved

sequencing protocols have demonstrated as much as 95% of the

genome can be transcribed, hence alternative splicing and intron

retention are emerging areas of importance for gene regulation

and disease progression (Monteuuis et al., 2019). In addition

to the aforementioned CFAP410 isoforms, there is also a non-

coding RNA that is antisense to the CFAP410 gene (Figure 1);

however, we could find no evidence for measurable levels of this

antisense message in the CNS transcriptomic data.

Genotyping the CFAP410 VNTR led to the discovery of

eight alleles in the cases and controls used for this study (n =

983) (Figure 1C). The frequencies of all alleles and genotypes

were not found to be significantly different between cases and

controls (Table 1); however, our limited cohort size would likely

to be insufficient to identify rare variants associated with ALS.

ALS is a complex disease and given the small sample size we

were unable to address many of the different metrics, which

contribute to this disease, including disease severity, the onset

of disease, disease pathology, age, ethnicity, and known ALS

genetic mutations in these patients: the VNTR in question could

be important in any one of these metrics. However, we do pose

a potential mechanism as to how such variants could contribute

to disease risk and show that tandem repeat numbers can drive

differential gene expression. Furthermore, the original CFAP410

ALS association was from a rare variant (van Rheenen et al.,

2016), so such rare VNTR variants discovered here could be part

of a yet unidentified polygenic risk score.

Unfortunately, expansion of the cohort size is both time- and

resource consuming due to the requirement for PCR analysis of

all samples. However, the properties of the VNTR to modulate

gene expression in vitro and correlation with differential

CFAP410 expression in silico allowed us to hypothesise that

this domain could regulate the expression of this locus in

response to the same challenge, which could result in distinct

levels of protein expression that could modulate risk and

progression of ALS. The primary sequence of the CFAP410

VNTR also contains consensus sequence binding sites for

proteins predicted to bind the C9ORF72 intronic VNTR

(Supplementary Figure 4), potentially inferring contribution

to the same signalling pathways. Similarly, modulation of

the levels of CFAP410 could have a significant effect on

the function of other ALS risk genes, such as functional

interactions with NEK1 (Fang et al., 2015; Watanabe et al.,

2020). These studies demonstrate the increased fusion of genetic

risk with an environmental challenge to modulate ALS risk

and progression.
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SUPPLEMENTARY FIGURE 1

(A) CFAP410 VNTR repeat unit breakdown. Number of 22 bp and 35 bp
repeat units per allele of the CFAP410 VNTR (confirmed through Sanger
sequencing). (B) CFAP410 VNTR alleles primary sequence and repeat
order. Variants 2, 4, 5 and 8 of the CFAP410 VNTR aligned and split into
respective 22 bp and 35 bp repeat units. Allele 2 = 262 bp, allele 4 = 297
bp, allele 5 = 319 bp, allele 8 = 468 bp. Boxes indicate exemplars of the
35p and 22 bp repeat unit. All repeats have been aligned by eye and are
therefore arbitrary.

SUPPLEMENTARY FIGURE 2

(A) P-values and e�ect size of analysis of CFAP410 isoform expression
using NYGC ALS dataset. (B) P-values and e�ect size of tagging SNP
analysis of CFAP410 VNTR.

SUPPLEMENTARY FIGURE 3

LD plot over CFAP410 locus. LD plot over a 45kb region using 31 SNPs
from 243 individuals from the Project MinE encompassing the CFAP410

gene. Two blocks of LD are located 5’ and 3’ of the CFAP410 gene. The ∗

indicates rs56212056 which is the SNP in moderate LD with allele 4 and
5 of the VNTR located in CFAP410. There is minimal LD between
rs56212056 and the other SNPs located in the region. Intensity of each
square represents the r2 between the two SNPs; darker the colour the
larger the r2.

SUPPLEMENTARY FIGURE 4

Alignment of CFAP410 and C9ORF72 intronic VNTRs. Both VNTR
sequences are polymorphic and contained within intron 1 of the most 5’
start site. The hexamer sequence within C9orf72 from the UCSC
browser (A) contains the sequence CCCCGG and GCCCCG identified in
red and green respectively which are also found in the CFAP410
sequence (B).

SUPPLEMENTARY FIGURE 5

Histogram plot of the distribution of data in the Target ALS cohort for
the CFAP410 ENST00000462742 transcript.

SUPPLEMENTARY TABLE 1

Available tissues from the NYGC Target ALS cohort stratified by controls
and ALS subjects.
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Central nervous system (CNS) injuries, including traumatic brain injury

(TBI), intracerebral hemorrhage (ICH) and ischemic stroke, are the most

common cause of death and disability around the world. As the most

common modification on ribonucleic acids (RNAs), N6-methyladenosine

(m6A) modification has recently attracted great attentions due to its functions

in determining the fate of RNAs through changes in splicing, translation,

degradation and stability. A large number of studies have suggested that m6A

modification played an important role in brain development and involved

in many neurological disorders, particularly in CNS injuries. It has been

proposed that m6A modification could improve neurological impairment,

inhibit apoptosis, suppress inflammation, reduce pyroptosis and attenuate

ferroptosis in CNS injuries via different molecules including phosphatase

and tensin homolog (PTEN), NLR family pyrin domain containing 3 (NLRP3),

B-cell lymphoma 2 (Bcl-2), glutathione peroxidase 4 (GPX4), and long non-

coding RNA (lncRNA). Therefore, m6A modification showed great promise as

potential targets in CNS injuries. In this article, we present a review highlighting

the role of m6A modification in CNS injuries. Hence, on the basis of these

properties and effects, m6A modification may be developed as therapeutic

agents for CNS injury patients.

KEYWORDS

central nervous system injuries, m6A modification, neurological impairment,
apoptosis, inflammation, downstream molecules
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Introduction

Central nervous system (CNS) injuries and their potential
long-term consequences are of major concern for public
health. High rates of morbidity and mortality making them a
global health challenge (Hornby et al., 2020). CNS is highly
sensitive to external mechanical damage, such as traumatic
brain injury (TBI), spinal cord injury (SCI), subarachnoid
hemorrhage (SAH), and stroke, presenting a limited capacity
for regeneration due to its inability to restore either damaged
neurons or synaptic network (Zhang and Wang, 2019).
Although some of the pathological processes of CNS injuries
such as blood brain barrier (BBB) disruption, inflammation and
oxidative stress have been elucidated, the detailed mechanisms
driving these processes are poorly understood (Devanney et al.,
2020). Despite the progress has been made in the prevention and
treatment of CNS injuries in the past, patients suffering from
CNS injuries usually end up with poor prognosis (Liddelow
and Barres, 2017). Therefore, it is urgently needed to find
optimal therapies and improve patients’ long-term neurological
functioning after CNS injuries.

N6-methyladenosine (m6A) was firstly reported in 1974
(Reichel et al., 2019). It is evolutionarily conserved, ranging
from yeasts, plants, insects to mammals (Malovic et al., 2021).
M6A modification is one of the most common epigenetic
modifications for eukaryotic ribonucleic acids (RNAs), not only
in messenger RNAs (mRNAs) but also in a variety of non-coding
RNAs (ncRNAs) such as long non-coding RNAs (lncRNAs)
and circular RNAs (circRNAs) (Zhou L. et al., 2022). The
modification process of m6A is regulated by methyltransferases
(writers), demethylases (erasers), and RNA binding proteins
(RBPs; readers) (Jang et al., 2022). Specifically, the sixth nitrogen
atom on the RNA molecule is methylated by the catalysis of
methyltransferase, the methylation site is then identified by
RBPs and participates in the pathophysiological processes via
mediating RNA splicing, transcription, translation and decay
(Chen D. et al., 2022; Jang et al., 2022). However, the methylation
sites can be demethylated under the effect of demethylase,
indicating a dynamic and reversible process (Luo et al., 2022).
Recently, the regulation role of m6A modification in CNS
has gradually been explained. M6A is enriched in RNAs of
neurogenesis, cell cycle and neuron differentiation (Chokkalla
et al., 2020; Pan et al., 2021). The dysregulation of writer, eraser,
and reader proteins of m6A modification is associated with the
occurrence and conversion of neurological diseases including
CNS injuries (Wang et al., 2021; Zhai et al., 2022).

In the present study, we provide an overview of
m6A modification in CNS injuries and the associated
molecular mechanisms. This review describes (1) Abnormal
expression of m6A modification proteins in CNS injuries;
(2) Detecting methods of m6A modification; (3) Function
of m6A modification in CNS injuries; (4) Downstream
molecules of m6A modification in CNS; (5) Crosstalk

between m6A modification and RNAs in CNS injuries,
and (6) Possible research directions of m6A modification
in CNS injuries.

Abnormal expression of
N6-methyladenosine modification
proteins in central nervous system
injuries: Writers, erasers and
readers

The m6A modification-related proteins can act as writers
or erasers to add or remove m6A, respectively, that means,
these proteins determine whether m6A is methylated or
demethylated. While, RBPs called readers recognize m6A sites to
interact with RNA (Zhang F. et al., 2022). At present, it has been
found that there was abnormal expression of m6A modification
regulatory factors in CNS injuries, which may explain their
pathological mechanisms (Figure 1).

Writers

Writers, also known as methyltransferase complexes
(MTCs), are a class of functional proteins that promote the
methylation modification of adenine base sites (Cai et al.,
2022). The core proteins of m6A methyltransferase include
methyltransferase-like protein 3 (METTL3), METTL14,
Wilms tumor 1-associated protein (WTAP), Vir-like m6A
methyltransferase-associated (VIRMA) and zinc finger
CCCH-type containing 13 (ZC3H13) (Yang X. et al., 2022).
METTL3 is the critical component protein in m6A MTCs.
METTL3 has its own catalytic ability, which can bind with
methyl alone to catalyze the formation of m6A, and promote
protein translation in the cytoplasm (Wang and Zhou,
2022). Although METTL14 has no catalytic function and
cannot promote the formation of m6A independently, it
can form a heterodimer with METTL3 and recognizing the
m6A specific sequence (Zhang and Liu, 2022). Therefore,
these MTCs are not independent in organisms, they can
form complexes to co-perform catalytic functions. WTAP
owns the functions of stabilizing heterodimers, locating
nuclear spots, facilitating RNA degradation and regulating
cell differentiation. WTAP can promote m6A modification by
guiding METTL3-14 heterodimer localization to nuclear spots
(Akcaoz and Akgul, 2022). VIRMA, also known as KIAA1429,
regulates m6A mRNA level by recruiting methyltransferase
METTL3/METTL14/WTAP complex through its N-terminal
(Sommerkamp et al., 2022). Under the recruitment of VIRMA,
METTL3, and METTL14 form a heterodimer. Then WTAP
stabilizes the heterodimer and forms the m6A MTC in the
nucleus. The m6A MTC promotes the transfer of methyl from
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FIGURE 1

The mechanism of m6A modification. M6A modification is catalyzed by methyltransferase and demethylase acting as writers (METTL3,
METTL14, WTAP3, VIRMA, ZC3H13, ZCCHC4, CBLL1) and erasers (FTO, ALKBH3, ALKBH5) to add and remove m6A. The m6A binding proteins
(readers) include YTH and IGF2BP family proteins, which determine the fate of RNAs through changes in splicing, translation, degradation,
stability, and miRNA processing.

the donor substrate S-adenosylmethionine, and combines
with the nitrogen-containing base at the sixth position of
adenylate to form m6A (Cayir, 2022). ZC3H13 can combine
with WTAP to promote MTC deposition in nuclear and
enhance m6A modification (Song et al., 2022). Recently, some
novel methyltransferases have been recognized. For example,
METTL5 has been shown to catalyze m6A installation by
forming a METTL5-TRMT112 heterodimeric complex to
increase metabolic stability, suggesting a novel RNA-binding
pattern different from the METTL3-14 heterodimer (Oerum
et al., 2021).

It has been indicated that CNS injuries could change
the expression of writers. For example, in a mouse TBI
model, genome-wide profiling of m6A-tagged transcripts
was conducted by m6A-modified RNA immunoprecipitation
sequencing (m6A-RIP-seq) and RNA sequencing (RNA-seq).
The results showed that METTL3 was downregulated after TBI.
In addition, 922 m6A peaks were differentially expressed as
determined by m6A-RIP-seq, with 370 upregulated and 552
downregulated (Wang et al., 2019). Furthermore, in a rat TBI
model, Yu et al. conducted a genome-wide profiling of mRNA
m6A methylation in rat cortex via methylated RIP sequencing
(MeRIP-Seq). They found that after TBI, the expressions of
METTL14 were significantly down-regulated in rat cerebral
cortex (Yu et al., 2020).

Erasers

Erasers, also known as demethylase complexes, demethylate
m6A modification via demethylases such as fat mass and obesity
associated protein (FTO) and α-ketoglutarate-dependent
dioxygenase alk B homolog 5 (ALKBH5), thereby maintaining
the dynamic and reversible of m6A modification (Li Y. et al.,
2022). FTO is the first discovered demethylase that belongs
to the ALKB family. It is an oxygenase dependent on Fe2+

and 2-oxoglutarate, which can catalyze the demethylation
of nucleotides (Li L. et al., 2022). ALKBH5 is found after
FTO, it is Fe2+ and α- Ketoglutarate (α-Kg) dependent non-
heme oxygenase (Imanishi, 2022). Although both FTO and
ALKBH5 are demethylases, they are differentially distribution
in mammalian organs and have different substrate preferences.
Firstly, FTO is enriched in brain, especially in neurons, and
plays an important regulatory role in CNS. While ALKBH5 is
highly expressed in testes and is essential for spermatogenesis.
Secondly, although FTO and ALKBH5 are both demethylases of
m6A, the main substrate of FTO is N6-hydroxymethyladenosine
(hm6A) and N6-formyladenosine (fm6A) but the main
substrate of ALKBH5 is original adenylate. Thirdly, FTO-
mediated demethylation process is gradually completed. M6A
is firstly converted to hm6A, then transformed to fm6A, and
finally reduced to original adenylate. However, ALKBH5 can
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directly reduce m6A to original adenylate (Kumari et al., 2022;
Song et al., 2022). The difference between FTO and ALKBH5 in
the metabolic mechanism of m6A results in different biological
functions (Chen J. et al., 2022). Recently, ALKBH3 has been
suggested to be a novel demethylase protein which mediates the
demethylation of m6A, m1A and 3-methylcytidine (m3C) on
tRNA (Liu et al., 2021).

The expression of erasers in CNS injuries has also
been analyzed. In a rat stroke model, the protein levels of
demethylases FTO and ALKBH5 were changed, both FTO and
ALKBH5 co-regulated m6A demethylation, which played a
crucial role in cerebral ischemia/reperfusion (I/R) injury (Xu K.
et al., 2020).

Readers

Readers, also named as m6A methylation RBPs, can bind to
specific m6A methylation sites of RNAs and determine the fates
of m6A-methylated RNAs (Zhou H. et al., 2022). By recruiting
specific methylation RBPs on RNAs, m6A interacts with its
substrate to regulate different molecular effects, including
RNA processing, mRNA enucleation, translation and shearing
(Zhou W. et al., 2022). Currently, there are three RBPs
that have been widely studied, including YT521-B homology
(YTH) domain family proteins, insulin-like growth factor 2
mRNA-binding proteins (IGF2BPs) and heterogeneous nuclear
ribonucleoproteins (HNRNP) family proteins (Liu C. et al.,
2022). The YTH domain family proteins are important m6A
methylation RBPs, which can bind to m6A and affect the
outcome of m6A-methylated RNAs (Yan et al., 2022). YTH
proteins mainly includes YTHDFs and YTHDCs subtypes.
YTHDFs subtypes locate in the cytoplasm, among them
YTHDF1 promotes mRNA translation, YTHDF2 induces RNA
degradation and YTHDF assists YTHDF1/2 to exhibit functions
(Liao J. et al., 2022). YTHDCs subtypes locate in the nucleus,
among them YTHDC1 affects RNA splicing, enucleation
and gene silencing, YTHDC2 suppresses RNA stability and
promotes RNA translation (Han et al., 2021). In contrast to the
YTH family proteins, IGF2BP proteins, including IGF2BP1/2/3,
modulate gene expression output by increasing the stability and
translation efficiency of m6A-modified RNAs (Ramesh-Kumar
and Guil, 2022). HNRNP family proteins, such as HNRNPC,
are located in the nucleus. HNRNPC can recognize and bind to
m6A-modified regions in RNAs, thus affecting the abundance
and alternative splicing of target RNAs (Huang et al., 2021).

The expression of readers was also changed after CNS
injuries. In a rat cerebral ischemia model, YTHDC1 was up-
regulated in the early phase of ischemic stroke. Knockdown of
YTHDC1 exacerbated ischemic brain injury and overexpression
of YTHDC1 protected rats against brain injury (Zhang Z. et al.,
2020).

Detecting methods of
N6-methyladenosine modification

In the past decades, due to the limitation in technical means,
the detection of m6A and the identification of m6A at the single-
base level had been progressing slowly (Shulman and Stern-
Ginossar, 2020; Wang Y. N. et al., 2020). In recent years, with
the continuous exploration and research on m6A, a number
of methods have been developed to detect m6A modification,
which further promoted m6A research.

Current methods for m6A detection are based on RNA
chemistry or immunoprecipitation to assess an overall
transcriptome-wide m6A level and high-throughput sequencing
to evaluate the precise location of m6A sites. Dot blot
technology (Nagarajan et al., 2019), chemical proteomics
approach (Arguello et al., 2017) and high-performance liquid
chromatography-mass spectrometry (HPLC-MS) method
(Zhang Y. et al., 2020) are common approaches to observe
overall m6A changes in transcriptome-wide level. However,
they do achieve the quantitation or semi-quantitation, but fail
to precisely locate the m6A sites (Zhang Y. et al., 2020). To date,
methylated RNA immunoprecipitation (MeRIP)-seq (Meyer
et al., 2012) and m6A-seq (Dominissini et al., 2012) are the
most used approaches for the detection of m6A sites. These
new methods are based on the high specificity of antibodies
against m6A, and its combination with high-throughput
sequencing makes it possible to describe the specific map
of m6A modification in the mammalian transcriptome. The
first step is to fragment the RNA, followed by the use of
immuno-magnetic beads with m6A antibody to enrich the
m6A-methylated RNA fragments and the purification of the
enriched RNA fragments to construct a high-throughput
sequencing library by performing on-machine sequencing.
In addition, a common transcriptome library needs to be
constructed separately as a control. Finally, the two sequencing
libraries are put together for bioinformatics analyses, and the
region with a higher degree of m6A methylation is obtained,
which is also called m6A peak (Dominissini et al., 2012; Meyer
et al., 2012). However, the approaches can only detect m6A
peaks but not acquire the precise position of m6A residues.

To overcome the shortcoming, a novel method called
m6A-specific ultraviolet crosslinking immunoprecipitation
sequencing technology (miCLIP) was developed to achieve
m6A sequencing at single-base resolution (Linder et al., 2015).
MiCLIP is the combination of ultraviolet radiation-induced
crosslinking coupled with immunoprecipitation sequencing
(CLIP-seq) and MeRIP-seq. CLIP-seq can reveal interactions
between RNA and RNA-binding proteins at the genome-wide
level (Stojkovic et al., 2021). Therefore, this combination can
provide m6A information beyond the conserved RRACH
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sequence, which compensates for the deficiency of MeRIP-
seq (Linder et al., 2015; Wang Y. et al., 2020). In addition,
several other approaches such as m6A level and isoform-
characterization sequencing (m6A-LAIC-seq) (Molinie et al.,
2016), site-specific cleavage and radioactive labeling followed
by ligation-assisted extraction and thin-layer chromatography
(SCARLET) (Liu et al., 2013) and MAZTER-seq (Garcia-
Campos et al., 2019) were newly developed to achieve more
precise location even at single-nucleotide resolution.

Functions of N6-methyladenosine
modification in central nervous
system injuries

Regulation of m6A modification was firstly reported
to exhibit neuroprotection on CNS injuries in Wang
et al. (2019). Subsequently, a growing number of studies
have demonstrated that modulation of m6A modification
could provide neuroprotective effects in CNS injuries. The
neuroprotection of m6A modification was reportedly attributed
to its effects on improvement of neurological impairment,
inhibition of inflammation, suppression of apoptosis, reduction
of pyroptosis and regulation of ferroptosis (Table 1).

Neurological impairment

Neurological impairment covers a wide range of illnesses
and injuries. Depending on the severity and type of impairment,
people can be more or less affected (Kitzmuller et al., 2019).
Neurological impairment may occur in CNS injuries, which
is characterized by problems in sensory-motor, cognitive
and psychological functions, thereby affecting the quality
and meaningfulness of life (Benedictus et al., 2010; Hilton
et al., 2018). Neurological impairment is a main determinant
of functional disability, people suffering from neurological
impairment may be unable to use both arms and legs sufficiently,
leaving them highly dependent on others (Odgaard et al., 2017).

The effects of m6A modification on neurological
impairment after CNS injuries have been studied. In a rat TBI
model, a genome-wide profiling of mRNA m6A methylation in
rat cortex was conducted via MeRIP-Seq. The analysis of both
m6A peaks and mRNA expression revealed that there were 175
mRNAs significantly altered methylation and expression after
TBI. Of these mRNAs, the expression of FTO was significantly
down-regulated. Moreover, FTO inhibitor FB23-2 increased
the modified neurological severity score (mNSS) score of
rats after TBI, suggesting that inhibition of FTO exacerbated
damage to neurological function caused by TBI (Yu et al., 2020).
Furthermore, in a rat ischemic stroke model, overexpression of
m6A reader YTHDC1 alleviated brain neurological deficits as
measured by NSS through promoting phosphatase and tensin

homolog (PTEN) mRNA degradation to increase protein kinase
B (AKT) phosphorylation (Zhang Z. et al., 2020).

The precise mechanisms underlying how m6A modification
regulated neurological impairment were unclear. It has been
revealed that neurological impairment involved selective
neuronal loss in the hippocampus and cortex (Wang Z. et al.,
2014). Therefore, m6A modification may improve neurological
impairment by intervene with these pathological processes.

Inflammation

Inflammation is one of the major determinants of secondary
brain damage after CNS injuries (Shang et al., 2019). In normal
conditions, inflammation is a vital physiological immune
response against noxious stimuli (such as injury or infection)
and defends the host against pathogenic threats (Yang and
Zhou, 2019). However, in respond to CNS injuries, excessive
inflammation may provoke substantial detrimental effects (Shi
et al., 2019).

Numerous studies have proposed that m6A modification
exerted a central effect in CNS injuries-induced inflammation.
Wang B. et al. (2022) demonstrated that in a sepsis brain injury
(SBI) model, lipopolysaccharide (LPS) increased the levels of
tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), IL-6
and decreased the levels of IL-10 in 1321N1 cells, indicating
that LPS treatment induced inflammation in SBI. Treatment
of emodin suppressed inflammation as evidenced by decreased
levels of TNF-α, IL-1β, IL-6, and increased levels of IL-10
in LPS-treated 1321N1 cells. Moreover, emodin up-regulated
m6A levels by activation of METTL3, knockdown of METTL3
reversed the effects of emodin on inflammation in SBI. These
data demonstrated that emodin inhibited the inflammation of
LPS-treated 1321N1 cells by regulation of METTL3 (Wang B.
et al., 2022).

The underlying mechanisms of m6A modification-
mediated inflammation are immensely complicated. Studies
have indicated that the NF-κB signaling pathway might be the
key target. It has been shown that METTL14 played a vital role
in macrophage inflammation in atherosclerosis via the NF-
κB/IL-6 signaling pathway (Zheng et al., 2022). Furthermore,
METTL3 participated in sympathetic neural remodeling
post-myocardial infarction (MI) via the NF-κB pathway
and reactive oxygen species (ROS) production. Knockdown
of METTL3 inhibited the activation of NF-κB pathway by
suppressing the binding of METTL3 to tumor necrosis factor
receptor-associated factor 6 (TRAF6), reducing the m6 A level
of TRAF6 mRNA and TRAF6 expression, thus inhibiting ROS
production and inflammatory responses. These data suggested
that METTL3 played an important role in ROS production and
inflammatory responses by regulating the TRAF6/NF-κB axis
(Qi et al., 2022). Thus, m6A modification may also regulate
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TABLE 1 Functions of m6A modification in CNS injuries.

Mechanisms Factors Associated
molecules

Improve neurological impairment Reduce neuronal loss in cortex and hippocampus /

Suppress apoptosis Reduce chromosomal DNA fragmentation and formation of apoptotic
bodies

Bcl-2, caspase-3

Inhibit inflammation Decrease inflammatory factors and attenuate inflammatory response NF-κB, TNF-α,
IL-1β, IL-10

Reduce pyroptosis Inhibit the formation of inflammasomes NLRP3, GSDMD-N,
caspase-1

Attenuate ferroptosis Suppress iron-mediated lipid free radical formation and accumulation GPX4, GSH

CNS, central nervous system; DNA, deoxyribonucleic acid; Bcl-2, B-cell lymphoma-2; NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells; TNF-α, tumor necrosis
factor-α; IL-1β, interleukin-1β; IL-10, interleukin-10; NLRP3, NLR family pyrin domain containing 3; GSDMD-N, N-terminal fragment of gasdermin D; GPX4, glutathione peroxidase 4;
GSH: glutathione.

inflammation via NF-κB in CNS injuries, further studies are
needed to confirm it.

Apoptosis

Apoptosis is a very tightly programmed cell death (PCD)
occurring regularly to eliminate unnecessary and unwanted
cells as well as to maintain a homeostatic balance between
cell survival and cell death (Quillinan et al., 2016). Apoptosis
is critical to animals especially long-lived mammals that must
integrate multiple physiological and pathological death signals
(Rodriguez et al., 2021). It has been shown that insufficient
apoptosis can trigger cancer or autoimmunity, while excessive
activation of apoptosis could contribute to abnormal cell death
(Wang X. X. et al., 2020).

The functions of m6A modification in apoptosis have
been explored. The results obtained by Xu S. et al. (2020)
demonstrated that in an in vitro ischemic stroke model, oxygen
and glucose deprivation/reoxygenation (OGD/R) treatment in
SH-SY5Y cells induced apoptosis as evidenced by cleavage of
caspase-3-poly (ADP-ribose) polymerase (PARP) and increase
of Annexin V-positive staining. Additional experimental results
showed that OGD/R induced mitochondrial depolarization and
caused accumulation of JC-1 green monomers fluorescence.
In addition, MeRIP-quantitative real-time polymerase chain
reaction (qPCR) results showed that OGD/R induced METTL3-
dependent lncRNA D63785 m6A methylation, knockdown
of METTL3 caused accumulation of lncRNA D63785, thus
suppressing neuronal cell death and apoptosis (Xu S. et al.,
2020). In another study conducted by Xu K. et al. (2020) they
found that the RNA m6A levels increased consecutive to the
decrease of FTO expression in rats after middle cerebral artery
occlusion (MCAO) and in primary neurons after OGD/R.
Interestingly, the expression of demethylase ALKBH5 was
increased significantly. Overexpression of FTO reduced cleaved
caspase-3 levels and inhibited apoptosis, but knockdown of
ALKBH5 enhanced cleaved caspase-3 levels and promoted

apoptosis. The opposite expression of FTO and ALKBH5 might
be that the increased ALKBH5 expression served to compensate
for stress responses in the neuronal ischemia/hypoxia.
Knockdown of ALKBH5 aggravated neuronal apoptosis,
indicating that the compensatory rise of ALKBH5 was likely
neuroprotective. The mechanism of how ALKBH5 and FTO
co-regulated apoptosis was that the demethylation of ALKBH5
and FTO selectively demethylated the B-cell lymphoma 2
(Bcl-2) transcript, prevented Bcl-2 transcript degradation
and induced Bcl-2 protein expression (Xu K. et al., 2020).
In addition, Zhang Z. et al. (2020) found that after ischemic
stroke, knockdown of YTHDC1 reduced the expression of
anti-apoptotic protein Bcl-2 and increased the expression
of cleaved caspase-3. Overexpression of YTHDC1 reversed
these effects, confirming the protective effect of YTHDC1 on
ischemic stroke-induced neuronal apoptosis. Mechanistically,
YTHDC1 promoted PTEN mRNA degradation to increase
AKT phosphorylation, thus up-regulating the expression of
Bcl-2, down-regulating the expression of cleaved caspase-3 and
facilitating neuronal survival after ischemic stroke (Zhang Z.
et al., 2020).

Researches so far have studied the role of m6A modification
on apoptosis in general. However, apoptosis can be divided
into two pathways: the mitochondria-dependent pathway (the
intrinsic pathway) and the death receptor-dependent pathway
(the extrinsic pathway) (Radak et al., 2017). Although the
function of m6A modification on mitochondria-dependent
pathway has been well documented in CNS injuries, whether
the death receptor-dependent pathway is associated with the
effects of m6A modification in CNS injuries-induced apoptosis
remains unclear and further studies are needed to clarify it.

Pyroptosis

Pyroptosis is a type of inflammatory PCD that triggered by
inflammasomes (Lu et al., 2022). In the process of pyroptosis,
inflammasomes activate caspase-1 or caspase-11/4/5, which
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then cleaves gasdermin D (GSDMD) and separates its
N-terminal pore-forming domain (PFD). The oligomers of
PFD bind to the cell membrane and form macropores on the
membrane, resulting in cell swelling and membrane rupture
(Al Mamun et al., 2022). Increasing evidence indicates that
pyroptosis is involved in many diseases, including CNS injuries
(Mi et al., 2022; Wu et al., 2022).

Since pyroptosis aggravates CNS injuries-caused secondary
injury, m6A modification may attenuate brain damage by
suppressing pyroptosis. Consistent with this hypothesis, Wang
B. et al. (2022) proposed that that in an LPS-induced SBI model,
emodin treatment decreased the protein levels of syndecan-1
(SDC-1), NLRP3, caspase-1 and the N-terminal fragment of
GSDMD (GSDMD-N) in 1321N1 cells, suggesting that emodin
could inhibit pyroptosis. While Nigericin, a NLRP3 activator,
reversed the effects of emodin on pyroptosis. Furthermore,
emodin promoted m6A levels in NLRP3 by METTL3. METTL3
knockdown reversed the effects of emodin on the mRNA
expression and stability of NLRP3, showing that emodin
suppressed pyroptosis in SBI by inactivating METTL3-mediated
NLRP3 expression (Wang B. et al., 2022). In addition, Diao et al.
(2020) found that in cerebral ischemia/reperfusion (I/R) injury,
hypothermia down-regulated the expression of pyroptosis-
related proteins such as NLRP3, ASC, cleaved caspase-1 and
GSDMD p30 in primary hippocampal neurons. Besides, the
m6A methylated level of PTEN mRNA was elevated in respond
to H/R, whereas this level remained stable after treatment of
hypothermia. Up-regulation of the PTEN m6A methylated level
alleviated the inhibitory effects of hypothermia on pyroptosis,
suggesting that hypothermia protected neurons against H/R-
induced pyroptosis via m6A-mediated activation of PTEN (Diao
et al., 2020).

Ferroptosis

Ferroptosis is a non-apoptotic form of cell death that
depends on iron-mediated lipid free radical formation and
accumulation (Peng et al., 2023). It is characterized by
increased lipid peroxidation (LPO) leading to cell death through
disturbing membrane integrity (Fuhrmann and Brune, 2022).
Ferroptosis can be inhibited by glutathione peroxidase 4
(GPX4) and glutathione (GSH), which are key regulators for
protecting cells from LPO (Wang M. P. et al., 2022). Change
of mitochondrial morphology is a characteristic of ferroptosis,
which comprises mitochondrion condensation or swelling,
increased membrane density, decreased crista, and ruptured
outer membrane (Yang L. et al., 2022).

Ferroptosis contributes to tissue damage in the case
of brain injury and inhibition of ferroptosis can provide
neuroprotection. Ferroptosis can also be regulated by m6A
modification in CNS injuries. Zhang L. et al. (2022) indicated
that in intracerebral hemorrhage (ICH) models, silencing

of METTL3 relieved Fe2+, ROS, LPO, malondialdehyde
(MDA) levels, and enhanced GSH levels in oxygen and glucose
deprivation/hemin (OGD/H)-treated brain microvascular
endothelial cells (BMVECs) and ICH mice, suggesting that
METTL3 knockdown inhibited the ferroptosis development in
ICH. Furthermore, silencing of METTL3 decreased the m6A
levels of GPX4 and increased the mRNA levels of GPX4. GPX4
knockdown neutralized the role of METTL3 on inhibiting
ferroptosis in OGD/H-treated BMVECs, demonstrating
that METTL3 silencing effectively suppressed ferroptosis by
regulating m6A and mRNA levels of GPX4 (Zhang L. et al.,
2022).

Downstream molecules of
N6-methyladenosine modification
in central nervous system injuries

The specific mechanisms mediating the functions of m6A
modification in CNS injuries have yet to be explained, recent
studies have demonstrated that the regulatory factors of m6A
modification can target some downstream molecules to play a
role in CNS injuries (Figure 2 and Table 2).

Phosphatase and tensin homolog

Phosphatase and tensin homolog is encoded by the p ten
gene mapped to chromosome 10q23 (Walker et al., 2013).
PTEN is a dual-function protein tyrosine phosphatase that
dephosphorylates both proteins and lipids. It is also well
known for its ability to regulate cell growth and proliferation
(Li M. X. et al., 2022). PTEN is thought to exert its
effects via negative regulation of phosphoinositide 3-kinase
(PI3K). Deletion of PTEN firstly activates class I PI3K, then
phosphorylates phosphatidylinositol 4,5-biphosphate (PIP2) to
phosphatidylinositol 3,4,5-triphosphate (PIP3) and recruits
signaling proteins, including AKT and downstream mammalian
target of rapamycin (mTOR) activation (Khan et al., 2021;
Alcaraz et al., 2022).

Phosphatase and tensin homolog is highly expressed in
adult neurons (Gutilla and Steward, 2016). Under pathological
conditions such as CNS injuries, PTEN is important for
neuronal proliferation, growth and axon regeneration (Fang
et al., 2022; Nieuwenhuis and Eva, 2022). M6A modification can
also target PTEN to provide neuroprotection. It has been shown
that inhibition of m6A-mediated activation of PTEN could
protect neurons against neuronal H/R-induced pyroptosis (Diao
et al., 2020). Moreover, YTHDC1, a m6A reader, promoted
PTEN mRNA degradation to increase AKT phosphorylation,
thus facilitating neuronal survival in ischemic stroke (Zhang Z.
et al., 2020).
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FIGURE 2

Downstream molecules of m6A modification in CNS injuries. In CNS injuries, regulation of YTHDC1, METTL3, METTL14, FTO, and ALKBH5 led to
the modulation of PTEN, GPX4, NLRP3, lncRNA D63785, and Bcl-2. These downstream molecules subsequently improved cognitive function,
inhibited inflammation, suppressed apoptosis, decreased pyroptosis and attenuate ferroptosis post-CNS injuries.

TABLE 2 The functions and molecular targets of m6A proteins in CNS injuries.

M6A proteins Models Animals and/or
cells

Beneficial functions
of m6A modification

Molecular
targets

References

METTL3 ICH
SBI

Ischemic stroke
TBI

Mice, BMVECs
Astrocytoma
1321N1 cells

SH-SY5Y cells and
neurons

Mice

Decrease ferroptosis and
apoptosis

Suppress inflammation and
pyroptosis

Inhibit cell death and
apoptosis

Regulate cellular metabolic
process

GPX4
NLRP3

LncRNA D63785
/

Wang et al., 2019; Xu S. et al.,
2020; Wang B. et al., 2022;

Zhang L. et al., 2022

METTL14 TBI Rats Reduce apoptosis / Yu et al., 2020

FTO I/R injury
TBI

Rats, neurons
Mice

Attenuate neuronal damage
and apoptosis

Repair neurological damage

Bcl-2
/

Xu K. et al., 2020; Yu et al.,
2020

ALKBH5 I/R injury Rats, neurons Suppress neuronal damage
and apoptosis

Bcl-2 Xu K. et al., 2020

YTHDC1 Ischemic stroke Rats, neurons Alleviate neurological
deficits, increase neuronal

survival

PTEN, AKT Zhang Z. et al., 2020

CNS, central nervous system; ICH, intracerebral hemorrhage; BMVECs, brain microvascular endothelial cells; GPX4, glutathione peroxidase 4; SBI, sepsis brain injury; NLRP3, NLR
family pyrin domain containing 3; LncRNA, long non-coding RNA; TBI, traumatic brain injury; I/R, ischemia/reperfusion; Bcl-2, B-cell lymphoma 2; PTEN, phosphatase and tensin
homolog; AKT, protein kinase B.

NLR family pyrin domain containing 3

NLR family pyrin domain containing 3 inflammasome is an
intracellular protein complex that has emerged as a key mediator
of inflammation in many pathologies (Wang M. et al., 2022).

NLRP3 inflammasome includes NLRP3, ASC and protease
caspase-1. NLRP3 interacts with ASC after activation and then
recruits protease caspase-1 by recognizing pathogen-related
molecular patterns (PAMPs) or host-derived danger signal
molecules (DAMPs) to promote shear activation. Activated
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caspase-1 cleaves the precursor IL-1β and IL-18 into mature IL-
1β and IL-18, and triggers a series of subsequent inflammatory
response (Coll et al., 2022; Wang L. et al., 2022).

The NLRP3 inflammasome is an important defensive
component in respond to stress, and its role in CNS injuries
has also attracted much attention (Kalra et al., 2022). It
has been suggested that inactivation of METTL3-mediated
NLRP3 expression could suppress SBI-induced inflammation
and pyroptosis in 1321N1 cells (Wang B. et al., 2022).

B-cell lymphoma 2

B-cell lymphoma 2 is an anti-apoptotic protein encoded
by the Bcl-2 gene in the human genome specified as an
oncogene, it plays an important role in the mitochondria-
mediated intrinsic apoptosis pathway (Flores-Romero et al.,
2022; Parrondo et al., 2022). Bcl-2 can bind to the pro-apoptotic
proteins BAX/BAK, inhibit their recruitment, thereby blocking
the release of cytochrome c and activation of caspases that
stimulate apoptosis (Sekar et al., 2022; Xu and Ye, 2022).
Abnormal expression of Bcl-2 proteins is a common finding
in CNS injuries (Nhu et al., 2021). After brain injury, Bcl-2
promotes cell survival and regulates mitochondrial dynamics
like fusion and fission. Thus, activation of Bcl-2 can exert a
targeted therapeutic effect and inhibit apoptosis (Wang X. X.
et al., 2020).

Bcl-2 could also be regulated by m6A modification in
CNS injuries. In a cerebral ischemia-reperfusion injury model,
demethylation of ALKBH5 and FTO selectively demethylated
Bcl-2 transcript, prevented Bcl-2 transcript degradation and
enhanced Bcl-2 protein expression, resulting in decreased
apoptosis (Xu K. et al., 2020).

Glutathione peroxidase 4

Glutathione peroxidase 4, initially called phospholipid
hydroperoxide glutathione peroxidase (PHGPX), was first
purified in 1982 (Weaver and Skouta, 2022). GPX4 is the main
endogenous antioxidant against lipid peroxidation, it also
regulates ROS chain reaction caused by iron accumulation
(Zhao et al., 2022). GPX4 can reduce complex hydrogen
peroxide such as phospholipid hydrogen peroxide and
cholesterol hydrogen peroxide to their respective peroxidation
products, thus blocking the chain reaction of LPO and
suppressing ferroptosis (Wang Y. et al., 2022). The functional
activity of GPX4 depends on the biosynthesis of tripeptide
GSH, depletion of GSH causes GPX4 inactivation and increases
intracellular LPO (Li D. et al., 2022). Recently, a number of
GPX4-targeted therapeutic regimens have been proposed for
the treatment of CNS injuries (Huang et al., 2022; Peeples and
Genaro-Mattos, 2022; Yuan et al., 2022).

The effects of m6A modification on GPX4 have been
reported. It has been shown that knockdown of METTL3
inhibited ferroptosis, decreased the m6A levels of GPX4
and increased the mRNA levels of GPX4 in OGD/H-treated
BMVECs and ICH mice. GPX4 knockdown reversed the
role of METTL3 on relieving Fe2+, ROS, LPO and MDA
levels in OGD/H-treated BMVECs and ICH mice, implying
that METTL3 silencing suppressed ferroptosis by regulating
m6A and mRNA levels of GPX4 in ICH (Zhang L. et al.,
2022).

Long non-coding RNA D63785

Long non-coding RNA refer to the transcripts of non-
coding RNAs that are >200 nucleotides in length, they include
five different subtypes: sense lncRNA, antisense lncRNA,
bidirectional lncRNA, intergenic lncRNA and intronic lncRNA
(Cao et al., 2022). LncRNAs were primarily considered as simply
transcriptional by-products, recent research have found that
they regulate various physiological and pathophysiological
processes, such as immunity, cell differentiation and
proliferation (Zhang and Wang, 2019). LncRNAs regulate
gene expression at the epigenetic, transcriptional, post-
transcriptional and chromatin remodeling levels via interacting
with the 3′ untranslated region (UTR) of mRNA (Chen et al.,
2021). LncRNAs also interact with other biomolecules including
deoxyribonucleic acids (DNAs), RNAs and proteins through
several mechanisms, including acting as inhibitory sponges for
miRNAs, participating in chromatin remodeling and affecting
protein stability (Wang J. et al., 2022).

The crosstalk between m6A modification and lncRNA
has been explained in ischemic stroke. In SH-SY5Y
cells and primary murine neurons, OGD/R induced cell
death and apoptosis through activation of METTL3-
dependent lncRNA D63785 m6A methylation (Xu S. et al.,
2020).

Crosstalk between
N6-methyladenosine modification
and RNAs in central nervous
system injuries

Although the relationships between m6A modification and
RNAs has been found in CNS injuries, the detailed mechanisms
of how m6A modification regulated RNAs were not explained
in CNS injuries. However, in other models, accumulating
evidences have identified that m6A modification had regulatory
effects on RNAs, including their splicing, processing, translation
and degradation.
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N6-methyladenosine modification
modulates the splicing and maturation
of RNAs

Nascent transcripts synthesized from DNA must undergo
splicing before transformation into mature transcripts with
biological functions and m6A modification regulates gene
expression by interfering with this process. It has been
shown that HNRNPC, HNRNPG, and HNRNPA2B1 were
associated with mRNA structure switching, thus regulating gene
expression (Liu et al., 2015). M6A modification could affect
the binding between HNRNPC and RNA, therefore regulating
the alternative splicing and processing of target RNA, resulting
in RNA maturation (Liu et al., 2015). Moreover, FTO has
been found in the nucleoplasm in a speckle-like manner and
partially co-localized with splicing or splicing-associated speckle
factors (Jia et al., 2011). FTO-regulated m6A modification was
enriched in exon regions on both sides of the 5′ and 3′ splicing
sites. These regions overlapped spatially with the enhancer-
binding region of the serine- and arginine-rich splicing factor
(SRSF), which modulated mRNA splicing (Zhao et al., 2014).
It has been suggested that depletion of FTO enhanced the
m6A level and promoted the affinity of SRSF2 binding with
RNA, thereby increasing the number of target exons and
inducing RNA maturation (Zhu et al., 2021). Furthermore,
the m6A reader YTHDC1 could recruit the splicing factor
SRSF3 to promote exon inclusion but antagonize SRSF10 mRNA
binding, which facilitated exon skipping (Xiao et al., 2016).
In addition, transactivation responsive RNA-binding protein
2 (TARBP2) recruited the MTCs to deposit m6A marks on
transcripts, leading to intron retention via the splicing factor
SRSF1 (Fish et al., 2019). Besides, METTL3 and YTHDC1 could
modulate the maturation of circRNA ZNF609, both METTL3
and YTHDC1 displayed specific m6A signatures that controlled
the accumulation of circRNA ZNF609 (Di Timoteo et al., 2020).
These results strongly confirmed the essential role of m6A RNA
modification in RNA splicing and maturation.

N6-methyladenosine modification
regulates the translation of RNAs

The mechanism by which m6A modification improves
the translation efficiency is mainly dependent on the binding
of reader proteins to protein factors that are required in
the translation process, the presence of m6A in exons and
surrounding stop codon regions may have an impact on protein
production (Liu R. et al., 2022). It has been indicated that
ablation of METTL3 enhanced translation efficiency in mouse
embryonic stem cells (mESCs) and embryoid bodies (EBs),
demonstrating that m6A played a translational regulatory role
(Geula et al., 2015). Besides, Lin et al. (2019) found that during
the epithelial-mesenchymal transition, YTHDF1 mediates the

coding sequence (CDS) m6A-enhanced translation elongation
of Snail mRNA via interactions with the translation elongation
factor eEF2. Moreover, Liu et al. (2020) showed that the
eukaryotic translation initiation factor 3 subunit C (EIF3C) was
a direct target of YTHDF1. By binding to m6A-modified EIF3C
mRNA, YTHDF1 enhanced the translation of EIF3C in an m6A-
dependent manner and promoted overall translation output.
Furthermore, Jin et al. (2019) found that METTL3, YTHDF1/3
and eIF3b directly promoted the translation of YAP mRNA
through interaction with the translation initiation process.
In addition, Yang et al. (2017) identified that m6A residues
were abundant in circRNAs and could drive efficient initiation
of protein translation from circRNAs. The m6A-induced
translation of circRNAs could be increased by METTL3/14 and
decreased by FTO (Yang et al., 2017). Besides, Di Timoteo
et al. (2020) discovered that circRNA ZNF609 translation was
modulated through recognition by YTHDF3 and eIF4G2.

N6-methyladenosine modification
controls the stability and degradation
of RNAs

The stability and degradation of RNAs are critical for the
response of living organisms to changeable environments and
m6A-containing transcripts can mediate RNA stability and
degradation via different molecular mechanisms. Wang Y. et al.
(2014) indicated that knockdown of METTL3/14 increased the
stability of target mRNAs and prevented mRNA degradation in
mouse embryonic stem cells, suggesting that mRNA instability
was associated with m6A RNA modification. Moreover, Cai
et al. (2021) reported that IGF2BP1 increased the stability
of YES1 mRNA and prevented its degradation. Furthermore,
Wang X. et al. (2014) showed that YTHDF2 selectively
recognized an m6A site according to the carboxyl-terminal
domain, and the amino-terminal domain was responsible
for translocating the YTHDF2-mRNA complex to a cellular
RNA decay site to regulate mRNA degradation. In addition,
Wu et al. (2021) suggested that METTL3-mediated m6A
modification stabilized the expression of circRNA CUX1, which
conferred radio-resistance in hypopharyngeal squamous cell
carcinoma. Collectively, these data revealed the role of m6A
RNA modification in RNAs stability and degradation.

Possible research directions of
N6-methyladenosine modification
in central nervous system injuries

Central nervous system injuries, caused by cerebrovascular
pathologies or mechanical contusions, comprise a diverse
group of pathological processes, including autophagy, oxidative
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stress, inflammation and apoptosis (Nakamura et al., 2020).
Although the functions of m6A modification on CNS injuries-
induced neurological impairment, inflammation, apoptosis,
pyroptosis and ferroptosis have been widely described, its roles
in autophagy, oxidative stress, axonal and synaptic regeneration
have not been illustrated.

Autophagy

Autophagy is a highly conserved intracellular clearance
mechanism that functions to maintain cellular homeostasis
by engulfing cellular targets, including damaged organelles,
unfolded proteins and pathogens (Liao M. F. et al., 2022). When
autophagy is activated, the damaged organelles are enclosed
by an isolation membrane to form autophagosome (Zhang
et al., 2021a). Autophagosome then fuses with lysosome to
form autolysosome and the damaged organelles are degraded by
lysosomal enzymes (Zhang and Wang, 2018a).

The functions of m6A modification in autophagy have also
been well established. It has been shown that Unc-51-like kinase
1 (ULK1) expression was regulated in an FTO-m6A-dependent
and YTHDF2-mediated manner in gastric cancer. Knockdown
of FTO reversed cisplatin resistance of gastric cancer cells both
in vitro and in vivo, which was attributed to the inhibition of
ULK1-mediated autophagy (Zhang Y. et al., 2022). Furthermore,
in diabetic skin models, knockdown of endogenous YTHDC1
resulted in a blockade of autophagic flux and delayed wound
healing by droving SQSTM1 mRNA degradation in the nucleus
(Liang et al., 2022). Therefore, m6A modification may also
intervene autophagy in CNS injuries. However, further studies
are needed to verify it.

Oxidative stress

Oxidative stress, defined as imbalance between the biological
systems leading to the generation of oxidant (free) radicals
and the systems responsible for the removal of free radicals,
is harmful to cells due to the excessive generation of oxidant
compounds such as ROS and reactive nitrogen species (RNS)
(Zhang and Wang, 2018b). Excessive generation of ROS and
RNS due to depletion of the antioxidant system or excitotoxicity
leads to the oxidation of biological molecules such as lipids,
proteins and DNA, resulting in oxidative damage in cells, tissues
and organs (Khatri et al., 2018).

There were also researches suggesting that m6A
modification could regulate oxidative stress. Ding et al. (2022)
showed that in bovine granulosa cells, FTO and YTHDF2
regulated MAX network transcriptional repressor (MNT)
expression through m6A modification. FTO overexpression
alleviated cadmium (Cd)-induced oxidative stress as proven
by increased expression of nuclear factor erythroid 2-related

factor-2 (Nrf2), superoxide dismutase (SOD), catalase (CAT)
and NAD(P)H: quinone oxidoreductase 1 (NQO1), and reduced
expression of MDA. However, this process could be reversed
using si-MNT. Moreover, Zhuang et al. (2019) found that in
clear cell renal cell carcinoma (ccRCC), FTO induced oxidative
stress and increased reactive oxygen (ROS) levels by reducing
m6A methylation of peroxisome proliferator-activated receptor
gamma coactivator-1 α (PGC1α) and increasing PGC1α mRNA
translation efficiency. Therefore, the role of m6A modification
in CNS injuries induced-oxidative stress needed to be further
studied.

Axonal and synaptic regeneration

Central nervous system injuries lead to a rapid loss of
neurons and axons which accounts for the loss of nerve
connections during the acute phase and subsequently induces
various degrees of plasticity during the spontaneous recovery
phase (Cramer, 2018). It has been shown that stroke-mediated
injury could induce axon sprouting, dendritic branching and
synaptogenesis for remapping of neural circuits (Carmichael
et al., 2017). The speed of axonal and synaptic regeneration
is affected by axonal transportation and neurotrophic growth
factors, which are secreted by Schwann cells (SCs). In respond
to CNS injuries, SCs are activated and involved in the entire
process of injury and regeneration. The proliferating SCs form
Bungner bands, which guide the growth of newly sprouting
axons (Chu et al., 2022).

After nerve injury, m6A modification may have the function
of regulating axonal regeneration and synaptic regeneration.
Zhang et al. (2021b) performed MeRIP-seq to reveal the m6A
methylation landscape in peripheral nervous injury (PNI). They
found that 4,014 m6A peaks were significantly altered after PNI.
Moreover, GO analysis and KEGG pathway analysis showed that
these genes were mainly involved in axon regeneration (Zhang
et al., 2021b). Furthermore, Wang X. L. et al. (2022) reported
that in a mouse neuropathic pain (NP) model, downregulation
of FTO in the anterior cingulate cortex (ACC) could promote
angiogenesis, axon growth and neural plasticity as proven
by up-regulation of matrix metalloproteinase-9 (MMP-9),
decreased levels of precursor brain-derived neurotrophic factor
(proBDNF) and increased levels of mature brain-derived
neurotrophic factor (mBDNF). The current researches have
focused m6A modification on the peripheral nerve injury, which
had certain reference for the application of m6A modification in
the CNS injuries.

Concluding remarks

N6-methyladenosine modification plays essential roles in
CNS injuries and participates in a number of cellular and
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molecular processes of CNS injuries. In this review, we
summarize the abnormal expression of m6A modification
proteins, the function of m6A modification and the crosstalk
between m6A modification and RNAs in CNS injuries.
These observations make m6A modification to be attractive
therapeutic targets for patients suffering from CNS injuries.
Moreover, microarray, proteomic and metabolomic analyses
of the downstream moleculars of m6A modification may
offer new avenues for restoring normal neuronal network and
blocking the vital nodes promoting brain damage. Continued
discoveries in this field will bring novel insights on m6A
modification involved in biological functions and disease
progression. Ultimately, m6A modification may hold promise
for clinical challenges.
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Expression of alternative 
transcription factor 4 mRNAs 
and protein isoforms in the 
developing and adult rodent and 
human tissues
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Transcription factor 4 (TCF4) belongs to the class I  basic helix–loop–helix 

family of transcription factors (also known as E-proteins) and is vital for 

the development of the nervous system. Aberrations in the TCF4 gene are 

associated with several neurocognitive disorders such as schizophrenia, 

intellectual disability, post-traumatic stress disorder, depression, and Pitt-

Hopkins Syndrome, a rare but severe autism spectrum disorder. Expression 

of the human TCF4 gene can produce at least 18 N-terminally distinct protein 

isoforms, which activate transcription with different activities and thus may vary 

in their function during development. We  used long-read RNA-sequencing 

and western blot analysis combined with the analysis of publicly available 

short-read RNA-sequencing data to describe both the mRNA and protein 

expression of the many distinct TCF4 isoforms in rodent and human neural 

and nonneural tissues. We show that TCF4 mRNA and protein expression is 

much higher in the rodent brain compared to nonneural tissues. TCF4 protein 

expression is highest in the rodent cerebral cortex and hippocampus, where 

expression peaks around birth, and in the rodent cerebellum, where expression 

peaks about a week after birth. In human, highest TCF4 expression levels were 

seen in the developing brain, although some nonneural tissues displayed 

comparable expression levels to adult brain. In addition, we show for the first 

time that out of the many possible TCF4 isoforms, the main TCF4 isoforms 

expressed in the rodent and human brain and other tissues are TCF4-B, -C, -D, 

-A, and-I. Taken together, our isoform specific analysis of TCF4 expression in 

different tissues could be used for the generation of gene therapy applications 

for patients with TCF4-associated diseases.
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transcription factor TCF4, basic helix–loop–helix transcription factor, western blot 
analysis, neurodevelopment, long-read RNA sequencing, brain tissue, peripheral 
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Introduction

Transcription factor 4 (TCF4) is a member of the class I basic 
helix–loop–helix transcription factor family (also known as 
E-proteins) and is the main E-protein expressed in the adult 
mouse brain (Massari and Murre, 2000; Fischer et al., 2014). TCF4 
regulates numerous genes involved in neurodevelopment (Forrest 
et  al., 2018) and has been shown to mediate its function by 
forming either homo-or heterodimers with proneural interaction 
partners such as achaete-scute homolog 1 (ASCL1; Persson et al., 
2000) and neurogenic differentiation factor 2 (NEUROD2; 
Brzózka et  al., 2010) as well as negative regulators known as 
inhibitor of DNA binding (ID) proteins (Chiaramello et al., 1995; 
Einarson and Chao, 1995). The expression of TCF4 interaction 
partners is strictly regulated, allowing TCF4 to possibly exert 
different functions during the development of the nervous system 
(Quednow et al., 2011).

Changes in the TCF4 gene are linked to the development of 
many severe neurocognitive disorders such as schizophrenia 
(Stefansson et al., 2009; Ripke et al., 2014; Doostparast Torshizi 
et al., 2019), intellectual disability (Kharbanda et al., 2016), post-
traumatic stress disorder (Gelernter et al., 2019), and depression 
(Wray et al., 2018). In addition, de novo mutations in one of the 
TCF4 alleles cause Pitt-Hopkins syndrome (Brockschmidt et al., 
2007; Zweier et al., 2007)—an autism spectrum disorder described 
by severe cognitive impairment, breathing abnormalities, motor 
delay, and distinctive facial features (Zollino et  al., 2019). 
Interestingly, in addition to deletions and translocations, just a 
single nucleotide mutation in the basic helix–loop–helix encoding 
domain can completely impair the normal functionality of the 
TCF4 protein (Amiel et al., 2007; Zweier et al., 2007; Sepp et al., 
2012; Sirp et al., 2021). Tcf4 heterozygous mutant mice exhibit 
memory deficits, impaired motor control, and social isolation 
(Kennedy et al., 2016; Thaxton et al., 2018). Similar results have 
been noted in Drosophila melanogaster, where downregulation of 
Daughterless, the orthologue of TCF4, impairs memory and 
learning (Tamberg et al., 2020). Overexpression of Tcf4 in mouse 
brain causes impairments in cognition and sensorimotor gating 
(Brzózka et  al., 2010), and increased long term depression at 
synapses (Badowska et al., 2020). Homozygous Tcf4 knockout 
mice have low viability and usually die around birth (Zhuang 
et al., 1996).

Expression of Tcf4 was first described during late embryonic 
and early postnatal development in different mouse brain regions 
using northern blot analysis and in situ hybridization (Soosaar 
et al., 1994; Pscherer et al., 1996; Ravanpay and Olson, 2008). 
More recent studies have used quantitative droplet digital PCR 

and reverse-transcription quantitative PCR to show that in the 
cerebral cortex TCF4 mRNA expression peaks around birth and 
declines rapidly in the following 2 weeks (Li et al., 2019; Phan 
et al., 2020). Expression of TCF4 protein in the developing and 
adult mouse brain has been described in detail by Jung et  al. 
(2018) using immunostaining with antibodies specific for longer 
TCF4 protein isoforms. During embryonic development of the 
brain, expression levels of long TCF4 isoforms are high in the 
areas which will develop into the cortex and the hippocampus. 
More specifically, long TCF4 isoforms are largely expressed in the 
germinal regions that will give rise to GABAergic and 
glutamatergic neurons of the cortex (Jung et al., 2018). In the brain 
of adult mice, TCF4 expression of long TCF4 isoforms is high in 
the cortex, hippocampus, and cerebellum (Jung et  al., 2018). 
Similar results have been obtained by Kim and colleagues who 
used TCF4-GFP mice to characterize total TCF4 expression (Kim 
et al., 2020).

In human, TCF4 is expressed broadly, with the expression of 
different TCF4 isoforms varying between tissues (de Pontual et al., 
2009; Sepp et  al., 2011). Further analysis of human RNA 
sequencing (RNA-seq) data has revealed that the mRNA 
expression dynamics of TCF4 in human and mouse appear to 
be  conserved in the cerebral cortex—TCF4 mRNA is highly 
expressed during fetal stages of development and reaches the 
maximum before birth, rapidly declines around birth until 
entering a relatively stable expression level from the early postnatal 
period to adulthood (Ma et al., 2018). As TCF4 remains stably 
expressed in adult humans and rodents alike (de Pontual et al., 
2009; Jung et al., 2018; Ma et al., 2018; Li et al., 2019) its expression 
is probably important for the normal functioning of the organism 
(Sarkar et al., 2021).

To date, none of the previous studies of TCF4 mRNA (Ma 
et al., 2018; Li et al., 2019; Phan et al., 2020) and protein (Jung 
et al., 2018; Kim et al., 2020) expression have described expression 
of the variety of TCF4 isoforms. Expression of the mouse and 
human TCF4 gene results in many different transcripts encoding 
N-terminally distinct protein isoforms which vary in their 
intracellular localization, transactivation capability (Sepp et al., 
2011, 2017; Nurm et al., 2021) and possibly mediate their function 
depending on dosage (Ravanpay and Olson, 2008). Here, 
we  investigated the complex expression dynamics of different 
TCF4 mRNAs and protein isoforms in the developing and adult 
rodent and human tissues. Our results can be used to estimate 
which TCF4 isoforms and at which proportions should 
be  introduced into different tissues during development to 
generate gene therapy applications of the TCF4-associated diseases.

Materials and methods

Direct TCF4 RNA sequencing

Total RNA was extracted from a mixture of cerebral cortices 
from three P3 BALB/c mice using the RNeasy lipid tissue mini kit 

Abbreviations: TCF4, Transcription factor 4; RNA-seq, RNA sequencing; RT, 

Room temperature; RT-qPCR, Reverse transcription quantitative PCR; gRNA, 

Guide RNA; P, Postnatal; E, Embryonic; CTX, Cerebral cortex; HC, Hippocampi; 

CB, Cerebellum; OB, Olfactory bulb; HTH, Hypothalamus; MB, Midbrain; TH, 

Thalamus; STRT, Striatum.
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(Qiagen). Genomic DNA was digested on-column using RNase-
Free DNase Set (Qiagen). Concentration of the purified RNA was 
determined with BioSpec-nano spectrophotometer (Shimadzu).

Before RNA-seq library preparation, 20 μg of P3 BALB/c 
cortical RNA was enriched for Tcf4 transcripts in wash/binding 
buffer (0.5 M NaCl, 20 mM Tris–HCl pH 7.5, and 1 mM EDTA) 
with 8 μM each of three 5′ biotinylated oligonucleotides 
(Microsynth AG)—two oligonucleotides were complementary to 
the 3` untranslated region of Tcf4, and one was complementary to 
the bHLH region of Tcf4 (Supplementary Table S1). As there are 
no known Tcf4 transcripts that lack the bHLH region or exon 21, 
we expect that our Tcf4 mRNA enrichment strategy is unbiased 
and enriches all possible TCF4 transcripts (Sepp et  al., 2011; 
Nurm et al., 2021). First the mixture was incubated at 70°C for 
2 min and then cooled to room temperature in about 30 min in a 
heating block. When the heating block reached 60°C, 100 units of 
RiboLock RNase Inhibitor (Thermo Fisher Scientific) was added 
to the mixture.

Next, Pierce streptavidin magnetic beads (Thermo Fisher 
Scientific) were prepared for the binding reaction. For that, 40 μl 
of magnetic beads was washed in 800 μl wash/binding buffer and 
then suspended in 30 μl of wash/binding buffer. The magnetic 
beads were then added to the previously annealed 
oligonucleotide-RNA mixture for the binding reaction. The bead-
oligonucleotide-RNA mixture was incubated at RT for 90 min 
with occasional agitation by hand. After 90 min, the flow-through 
sample was collected and after that the beads were washed twice 
with 100 μl of wash/bind buffer followed by three washes with 
100 μl of ice-cold low salt buffer (0.15 M NaCl, 20 mM Tris–HCl 
pH 7.5, and 1 mM EDTA). For elution, the magnetic beads were 
incubated at 70°C for 5 min in 25 μl of nuclease free water 
(Qiagen) twice, with the total volume of eluted RNA being 50 μl. 
In total, two Tcf4 RNA enrichments were done—the first Tcf4 
enriched RNA sample was sequenced twice and the second once.

RNA sequencing library was prepared separately for each of 
the three sequencing experiments according to the Sequence-
specific direct RNA sequencing protocol SQK-RNA002 (Oxford 
Nanopore Technologies). The RNAClean XP beads (Agencourt) 
were substituted with the Mag-Bind total pure NGS magnetic 
beads (Omega Bio-tek). Sequencing was done three times with the 
MinION sequencer, FLO-MIN106 flow-cell (new flow cells were 
used for each experiment), and SQK-RNA002 kit using 
MinKNOW software (version 3.6.5; Oxford Nanopore  
Technologies).

Base-calling of the direct RNA sequencing data was performed 
using Guppy Basecalling Software (version 4.0.11 + f1071ceb, 
Oxford Nanopore Technologies) with high-accuracy basecalling 
algorithm. Failed reads were discarded and the passed reads were 
mapped to mouse GRCm38.p6 genome (obtained from Gencode) 
using Minimap2 (version 2.17-r941) with the following settings: 
-ax splice-uf -k14. The generated sam files were converted to bam 
format using Samtools (version 1.9), the alignments of all three 
replicates were combined and only reads mapping to the Tcf4 gene 
locus were kept. The resulting merged and filtered bam file was 

then converted to bed12 file format using bedtools (version 2.28.0) 
for easier visualization. All reads mapping to the Tcf4 locus in 
bed12 format can be found in Data Sheet 1. Raw sequencing reads 
mapping to the Tcf4 locus can be found in Data Sheet 2. The final 
data was visualized in Integrated Genomics Viewer and the 
transcripts encoding Tcf4 isoforms were manually quantified. 
Aberrant transcripts were excluded from the analysis.

Guide RNA design and cloning

The University of California Santa Cruz Genome Browser 
Gateway1 was used to define the genomic region of mouse exon 3 
and exon 10a protein coding regions for guide RNA (gRNA) 
design. The genomic region for mouse exon 3 and exon 10a was 
chr18:69,347,299–69,347,369 and chr18:69,593,516–69,593,584, 
respectively, according to mouse GRCm38/mm10 (Dec. 2011) 
assembly. In total, three gRNAs were designed for exon 3 and two 
for exon 10a using Benchling Inc.2 CRISPR guide design software.

To insert the gRNA targeting region-containing 
oligonucleotides effectively into the PX459 (Addgene #62988) 
expression vector, nucleotides were added to the 5` ends of gRNAs 
that were complementary to the sticky ends produced after 
restriction of the PX459 plasmid with the BbsI restriction enzyme 
(Thermo Scientific). In addition, a guanine nucleotide was added 
to the 5′ end of each forward oligonucleotide sequence of gRNA 
as it has been found to increase targeting efficiency.3 The designed 
sequences are included in Supplementary Table S2. The 
oligonucleotides were ordered from Microsynth AG.

Cell culture and transfection

Mouse Neuro2a and human SH-SY5Y cells were grown in 
DMEM (Dulbecco’s modified Eagle’s medium, Thermo Scientific) 
medium, supplemented with 10% fetal bovine serum (Pan 
Biotech), 100 U/ml penicillin, and 0.1 mg/ml streptomycin 
(Thermo Scientific).

For transfection, cells were plated on a 12-well plate (Greiner) 
in 800 μl medium per well 24–48 h before transfection. At the time 
of the transfection, the cells were at 50–70% confluency. Neuro2a 
cells were transfected with 500 ng of the pEGFP plasmid and 
500 ng of the PX459 plasmid expressing the respective gRNA, 
Cas9, and Puromycin resistance gene using Lipofectamine 2000 
(Invitrogen). In each experiment, DNA to transfection reagent 
ratio was 1:2. For preparation of protein lysates, the cells were 
lysed in in 1x Laemmli buffer [0.062 M Tris–HCl pH 6.8, 2% SDS, 
5% 2-mercaptoethanol (Roth), 10% glycerol, and 0.01% 
bromophenol blue].

1  https://genome.ucsc.edu

2  https://benchling.com

3  http://www.addgene.org/crispr/zhang/
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Reverse transcription PCR

Total RNA was extracted from Neuro2a cells using the RNeasy 
mini kit (Qiagen). Genomic DNA was digested on-column using 
RNase-Free DNase Set (Qiagen). Concentrations of the purified 
RNAs were determined with BioSpec-nano spectrophotometer 
(Shimadzu). cDNA was synthesized from Neuro2a total RNA 
using Superscript IV Reverse Transcriptase (Invitrogen) according 
to the manufacturer’s instructions. Primers used for reverse 
transcription PCR are listed in Supplementary Table S3.

Animal husbandry

The protocols involving animals were approved by the ethics 
committee of animal experiments at Ministry of Agriculture of 
Estonia (Permit Number: 45). All experiments were performed in 
accordance with the relevant guidelines and regulations. WISTAR 
rats (RccHan:WI, Envigo) and C57BL/6 and BALB/c mouse 
strains (Envigo) were used in this study. Animals were maintained 
in conventional polycarbonate or H-TEMP polysulfone cages (2–4 
animals per cage) with ad libitum access to clean water and food 
pellets (ssniff Spezialdiäten) under a 12-h light/dark cycle in 
humidity and temperature-controlled room (temperature 22 ± 1°C 
and humidity 50 ± 10%).

To establish timed pregnancy for studying embryonic (E) 
development, the female mouse estrous cycle was monitored by 
visual observations of the vaginal opening of each female mouse 
based on the criteria described by Champlin et al. (1973). Mice in 
the proestrus or estrous phase of the cycle were selected for 
mating. Animals were bred in the evening and vaginal post-
coitum protein plug was checked in the next morning no more 
than 12 h later. The morning that a plug was found was designated 
as E0.5 gestational stage. The day of the animal birth was 
designated as postnatal (P) 0 stage.

Tissue isolation and protein extraction

Mice and rats were euthanized by carbon dioxide inhalation 
and decapitated with a guillotine. Dissection of tissue samples 
was done in ice-cold 1x phosphate-buffered saline solution. 
Each sample contained tissues pooled together from three 
different animals for biological diversity and sufficient protein 
extraction at early developmental stages. The mouse and rat 
cerebral cortex, hippocampus, cerebellum, olfactory bulb, 
hypothalamus, and pons including medulla, midbrain, and 
thalamus were collected. Striatum was collected only for the 
BALB/c mouse strain. Tissue collection for mouse and rat brain 
regions occurred at P0, 3, 5, 7, 10, 14, 21, 60, and P0, 3, 5, 10, 
14, 30, 60, respectively. In addition to postnatal days, collection 
of total mouse brain samples occurred at E13, 15, and 18. 
Mouse and rat peripheral tissues, skin, lung, kidney, heart, 
diaphragm, muscle, bladder, stomach, pancreas, thymus, 
spleen, liver, and blood, were collected at developmental stages 

P0, 14, and 60. After collection, tissue samples were stored at 
−80°C until further processing.

Tissues were homogenized on ice with tissue grinder PELLET 
PESTLE® Cordless Motor (Kimble-Chase, DWK Life Sciences) in 
ice-cold Radioimmunoprecipitation assay buffer [RIPA, 50 mM 
Tris pH 8.0, 150 mM NaCl, 1% NP-40, 0.5% Na-deoxycholate, 
0.5% sodium dodecyl sulfate (SDS), and 1x Roche Protease 
Inhibitor Cocktail Complete]. Lysates were sonicated for 15 s with 
Torbeo Ultrasonic probe sonicator (36810-series, Cole Parmer), 
and insoluble material was removed by centrifugation at 4°C for 
20 min at 16,000 g. Protein concentration was measured with 
Pierce BCA Protein Assay Kit (Thermo Scientific).

Protein lysates from human post-mortem cerebral cortex and 
hippocampus were prepared like rodent lysates. All protocols 
using human tissue samples were approved by Tallinn Committee 
for Medical Studies, National Institute for Health Development 
(Permit Number 402). All experiments were performed in 
accordance with relevant guidelines and regulations.

In vitro protein translation

TCF4-A+, -A−, -B+, B−, -C−, -D− and TCF4-I−isoforms were 
translated in vitro using pcDNA3 plasmids encoding the respective 
TCF4 isoforms (Sepp et  al., 2011) with TnT Quick Coupled 
Transcription/Translation System (Promega). Equal volumes of in 
vitro translated TCF4 protein mixtures were used for western 
blot analysis.

Western blot analysis

For western blot analysis, protein lysates in RIPA were diluted 
to the same concentration in 1x Laemmli buffer. 55 μg of each 
sample was electrophoretically separated by SDS-polyacrylamide 
gel electrophoresis in 8% gel and transferred to polyvinylidene 
difluoride membrane (Millipore) in Towbin buffer (25 mM Tris, 
192 mM glycine, 20% methanol, 0.1% SDS, and pH 8.3) using wet 
transfer. Membranes were blocked with 5% skimmed milk 
(Sigma-Aldrich) in 1x Tris Buffered Saline with 0.1% Tween-20 
(TBST, Sigma Aldrich) before incubating with primary [mouse 
monoclonal anti-ITF-2 (TCF4); C-8, 1:1,000 dilution, Santa Cruz] 
and secondary (goat polyclonal anti-mouse IgG HRP-conjugated 
antibody 1:5,000 dilution, Thermo Scientific) antibody in 2.5% 
skimmed milk-TBST solution overnight at 4°C and 1 h at room 
temperature, respectively. Specificity of the anti-ITF-2 (TCF4; C-8, 
Santa Cruz) antibody has been previously validated using tissue 
lysates from Tcf4 knockout mice (Nurm et  al., 2021). For 
peripheral tissues, mouse IgG kappa binding protein conjugated 
to HRP was used as a secondary antibody (1:5,000 dilution, Santa 
Cruz). Chemiluminescence signal detection with SuperSignal 
West Femto or Atto Chemiluminescence Substrate (Thermo 
Scientific). The chemiluminescence signal was visualized with 
ImageQuant LAS 4000 bioimager (GE Healthcare) and 
densitometric quantification was performed with ImageQuant TL 
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8.2 image analysis software (GE Healthcare). Membrane staining 
with Coomassie solution (0.1% Coomassie Brilliant Blue R-250, 
25% ethanol, and 7% acetic acid) was used as a loading control 
and for total protein normalization.

Analysis of publicly available RNA-seq 
datasets

Raw RNA-seq datasets of human, mouse, and rat were 
obtained from EMBL-EBI European Nucleotide Archive database 
using www.sra-explorer.info (Keane et al., 2011; ENCODE Project 
Consortium, 2012; Schmitt et al., 2014; Yu et al., 2014; Vied et al., 
2016; Li et al., 2017; Söllner et al., 2017; Cardoso-Moreira et al., 
2019; Luo et al., 2020; Shafik et al., 2021; see Supplementary Table S4 
for accession numbers and sample information). Adapter and 
quality trimming were done using BBDuk (part of BBMap version 
38.90) with the following parameters: ktrim = r k = 23 mink = 11 
hdist = 1 tbo qtrim = lr trimq = 10 maq = 10 minlen = 25. Mouse 
reads were mapped to mm10 (primary assembly and annotation 
obtained from GENCODE, release M25, GRCm38), rat reads were 
mapped to rn6 (primary assembly and annotation obtained from 
Ensembl, release 104, RGSC 6.0/Rnor_6.0), and human reads were 
mapped to hg19 (primary assembly and annotation obtained from 
GENCODE, release 37, GRCh37) using STAR aligner (version 
2.7.4a) with default parameters. To increase sensitivity for 
unannotated splice junctions, splice junctions obtained from the 
first pass were combined per dataset and filtered as follows: 
junctions on mitochondrial DNA and non-canonical intron 
motifs were removed; only junctions detected in at least 10% of 
samples (rounded up to the nearest integer) in the whole dataset 
were kept. Filtered junctions were added to the second pass 
mapping using STAR. Intron spanning reads were quantified 
using FeatureCounts (version 2.0.1). The following parameters 
were used for paired-end data: -p –B –C –J; and single-end data: 
-J. To count reads from TCF4 extended exons (exons 4c and 7bII), 
reads crossing a 1 bp region 2 bp 5′ from the internal exon 4 and 
7, respectively, were quantified using FeatureCounts and a 
custom-made saf file. Splice junctions in the TCF4 locus were 
manually curated and annotated to TCF4 isoforms according to 
Sepp et al. (2011).

A custom R script4 was used to quantify the expression of 
different TCF4 transcripts from analyzed RNA-seq datasets. 
Briefly, RNA-seq reads crossing the indicated TCF4 splice-
junctions were normalized using all splice-junction crossing 
reads in the respective sample. Then, the data were summarized 
by the Exon column (Supplementary Tables S5–S7). To acquire 
total TCF4 mRNA levels, the mean value of exon-junctions from 
10–11 to 19–20 was taken for the analysis. Aggregated mouse and 
rat data was meta-analyzed in tandem with human data to study 
TCF4 expression during development. The expression of TCF4 

4  https://github.com/CSKiir/Sirp_et_al_2022

transcripts encoding specific isoforms was assessed by 
quantifying the number of reads crossing the exon-junctions 
specific for the TCF4 isoforms. Data were summarized in each 
tissue and age group by the Isoform column. Values for each 
isoform were then divided with the sum of all annotated isoforms 
to show isoform composition in percentages. The results were 
visualized using ggplot2 (version 3.3.5) in R (version 4.1.2). The 
TCF4 exon-junction data used for the analysis of TCF4 transcripts 
in mouse, rat, and human datasets can be  found in 
Supplementary Tables S5–S7, respectively.

Data mining and visualization was also performed on human 
GTEx portal exon-exon junction dataset (dbGaP Accession 
phs000424.v8.p2) and human developmental transcriptome data 
from BrainSpan (RNA-Seq Gencode v10 summarized to genes). 
The human GTEx data used for the analyses described in this 
manuscript were obtained from the GTEx Portal5 on 12/01/2021 
and the human BrainSpan data was obtained from the BrainSpan 
Atlas of the Developing Human Brain6 on 12/01/2021. For 
information about rodent and human developmental stages and 
the number of individual data points per developmental stage, see 
Supplementary Tables S8–S12.

Results

Five N-terminally distinct TCF4 protein 
isoforms are expressed in the developing 
mouse cerebral cortex

The use of numerous alternative 5′ exons results in the 
expression of many transcripts from the Tcf4 gene, resulting in a 
variety of TCF4 protein isoforms with different expression 
patterns between tissue types (Sepp et al., 2011; Nurm et al., 2021). 
We have previously described transcripts from the mouse Tcf4 
gene based on available mRNA and expressed sequence tag data 
from various tissues (Nurm et al., 2021) but characterizing all the 
isoform encoding transcripts using short-read sequencing is 
complicated. Here, we  did long-read direct RNA-sequencing 
(RNA-seq) on the Oxford Nanopore Technologies platform from 
postnatal day 3 (P3) mouse cerebral cortex. Direct RNA-seq 
eliminates the bias which may result from complementary DNA 
synthesis used in conventional RNA-seq methods. Briefly, 
we extracted total RNA from the P3 mouse cerebral cortex which 
was then enriched for Tcf4 transcripts using a combination of 
oligonucleotides complementary to the 3′ untranslated region and 
the basic helix–loop–helix region of Tcf4 (Figure  1A; 
Supplementary Table S1). The Oxford Nanopore Technologies 
platform begins sequencing from the 3′ end of RNA meaning that 
early sequencing termination can result in reads which do not 
reach the 5′ exons of Tcf4 transcripts. Analysis of our results 

5  https://gtexportal.org

6  http://brainspan.org
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showed that most of the 1,336 RNAs which mapped to the mouse 
Tcf4 gene were short and mapped only to the last exon of Tcf4 
gene. However, we obtained 163 Tcf4 transcripts that reached from 
the 3′untranslated region to the 5′ terminal exons and were thus 
considered full-length based on previous knowledge about the 
rodent Tcf4 gene structure (Nurm et al., 2021). We then quantified 
the potential TCF4 protein isoforms encoded by these transcripts 

(Figure 1A). The results showed that in the mouse P3 cerebral 
cortex ~20% of mRNAs transcribed from Tcf4 gene encode 
isoform TCF4-B; 10% encode isoform TCF4-C; 30% encode 
isoform TCF4-D; 30% encode isoform TCF4-A and 10% encode 
isoform TCF4-I (Figure 1A). The presence of plus (containing the 
RSRS amino acid sequence) and minus (without the RSRS amino 
acid sequence; Corneliussen et al., 1991; Nurm et al., 2021) TCF4 

A

B

C

FIGURE 1

Tcf4 mRNA isoforms expressed in the developing mouse cerebral cortex encode five N-terminally distinct protein isoforms. (A) Schema of 
experimental design for direct RNA-sequencing. The cerebral cortices of postnatal day 3 (P3) mice were collected, followed by RNA extraction 
and Tcf4 mRNA enrichment before direct long-read mRNA sequencing. A selection of Tcf4 transcripts mapped to the mouse Tcf4 locus is shown 
for reference. Black boxes represent exons and red lines show introns. Scale bar in kilobases is shown on top. Tcf4 transcripts encoding the 
different TCF4 isoforms (TCF4-B, -C, -D, -A, and-I) were quantified and the distribution is shown on the right. Each isoform is represented with 
different color as shown in the legend on the right. (B) Mouse Tcf4 genomic organization with exons drawn in scale. Exons are named according 
to the human TCF4 gene (Sepp et al., 2011). 5′ exons are shown as white boxes while internal and 3′ exons are shown as gray boxes. Exon names 
are shown below boxes. Numbers above the exons designate the size of the exon in base pairs. Roman numerals below exons show alternative 
splice sites. Regions encoding different domains are marked below the gene structure (AD1, NLS, AD3, AD2, and bHLH) as well as the epitope for 
the TCF4 antibody C-8 (Santa Cruz, SC) used in the present study. (C) Schematic structure of Tcf4 transcripts expressed in the developing mouse 
cerebral cortex. Untranslated regions are shown as white boxes and translated regions as blue boxes. Each transcript is named (shown on the left) 
according to the 5′ exon and with the number of the splice site where indicated. The names of the protein isoforms encoded by the transcripts are 
shown on the right. Positions of alternative splice region that generates full-length (FL), Δ, − and + isoforms are shown at the bottom. The position 
of the first in-frame start codon is shown with an arrow for each transcript and the common stop codon with an arrow at the bottom. AD, 
activation domain; NLS, nuclear localization signal; bHLH, basic helix–loop–helix; FL, full-length; and Δ, lack of exons 8–9.
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isoforms encoded by Tcf4 mRNAs was roughly equal. Overall, our 
data show that the expression of mouse Tcf4 gene leads to 
numerous transcripts due to the presence of 32 exons out of which 
13 are alternative 5′ exons and 18 are internal exons and one is a 
terminal 3′ exon (Figures  1B,C). Using long-read sequencing, 
we  discovered two novel 5′ exons (exon 3e and 3f) that are 
included in Tcf4 transcripts encoding TCF4-B isoform 
(Figures 1B,C).

We then described the expression pattern of TCF4 protein 
isoforms in SDS-PAGE/western blot analysis. For that, we used 
in vitro translated TCF4-B, -C, -D, -A, and-I plus or minus 
TCF4 isoforms. This allowed us to compare different 
combinations of in vitro translated TCF4 isoforms in western 
blot to the TCF4 protein pattern in the mouse cerebral cortex. 
In good agreement with our RNA-seq experiment, the 
combination of in vitro translated proteins TCF4-B, -C, -D, -A, 
and -I resembled the protein pattern of TCF4 in the cerebral 
cortex (Figure 2A). The variability in in vitro translated TCF4 
isoform levels in western blot (Figure  2A) could arise from 
differential translation rate of the respective TCF4 isoform 
encoding plasmids. Next, we  determined the apparent 
molecular weight and location of endogenously expressed TCF4 
isoforms—TCF4-B and TCF4-A in SDS-PAGE/western blot 
analysis. To this end, we constructed a CRISPR-Cas9 system to 
inhibit the expression of these TCF4 isoforms in Neuro2a cell 
line by generating frameshift mutations in the unique exons 
encoding these isoforms (exons 3 and 10a, respectively). 
We  could not specifically silence the expression of TCF4-D 
since its translation start site is in internal exon 8—a frameshift 
mutation in exon 8 would cause the silencing of not only 
TCF4-D, but also TCF4-B and-C isoforms. We used Neuro2a 
cells, which  show high endogenous expression of TCF4 as 
confirmed by RT-PCR and western blot analysis (Figure 2B; 
Supplementary Figure S1). By expressing the generated 
CRISPR-Cas9 system in Neuro2a cells, we were able to inhibit 
the expression of TCF4-B and-A and thus confirm the location 
of these protein isoforms in western blot analysis (Figure 2B). 
Furthermore, western blot analysis showed that expression 
pattern of TCF4 isoforms was similar in Neuro2a cells and P3 
mouse cerebral cortex (Figure 2B).

Taken together, the main N-terminally distinct TCF4 isoforms 
expressed in the early postnatal mouse cerebral cortex are TCF4-B, 
-C, -D, -A, and -I. We classified the detected TCF4 signals into 
three groups based on their molecular weight: long isoforms 
(TCF4-B and-C), medium isoforms (TCF4-D), and short isoforms 
(TCF4-A and-I; Figure 2C).

Expression of TCF4 protein in the mouse 
brain is highest around birth

Next, we studied the changes in TCF4 protein expression in 
the mouse brain throughout pre-and postnatal development. For 
that, we  made mouse whole brain lysates from two strains 

(BALB/C and C57BL/6) at 11 different developmental stages 
ranging from E13.5 to P60, and performed western blot analysis 
(Figures 3A,B). Both mouse strains exhibited expression of long, 
medium, and short TCF4 isoforms, with the highest expression 
of total TCF4 detected at late prenatal and early postnatal 
development. After peaking, TCF4 expression gradually declined 

A

B

C

FIGURE 2

TCF4 protein isoforms expressed in the mouse cerebral cortex 
can be grouped into long, medium, and short isoforms based on 
apparent molecular weight in SDS-PAGE. (A) Western blot 
analysis of different combinations of in vitro translated TCF4 
isoforms (shown on the top) to identify the mobility of TCF4 
isoforms in the lysates from the mouse cerebral cortex and 
Neuro2a cells in SDS-PAGE. (B) Western blot analysis of Neuro2a 
cells transfected with CRISPR-Cas9 silencing system. Two exon 
10a-specific gRNAs were used to silence TCF4-A and three exon 
3-specific gRNAs were used to silence TCF4-B. Cells 
overexpressing CRISPR-Cas9 vector without the exon-specific 
gRNA targeting sequence was used as control (CNTR). Mouse 
cerebral cortex tissue lysate was used to compare TCF4 isoform 
expression pattern to the pattern in Neuro2a cells. Locations of 
TCF4-A and TCF4-B isoforms are depicted on the right. 
Coomassie staining (CS) was used a loading control and is shown 
at the bottom. (C) Schematic layout of the locations of TCF4 
isoforms in the protein lysate of the mouse cerebral cortex in 
western blot. TCF4 isoforms were grouped into three—long, 
medium and short isoforms. The locations of TCF4 isoform 
groups are color coded and shown on the right. In each panel, 
molecular weight is shown on the left in kilodaltons.
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during postnatal development of the brain (Figures 3A,B). While 
long and short TCF4 isoforms were detected at all stages, the 
medium-sized TCF4 isoforms became more apparent at later fetal 
stages and were almost undetectable before stage E18.5 
(Figures 3A,B).

To better compare TCF4 total levels and isoform expression 
patterns between the two mouse strains, brain samples of the two 
strains from early postnatal development (P0–10) were analyzed 
in the same western blot experiment (Supplementary Figure S2). 
Our results revealed that the two mouse strains showed no major 
differences in TCF4 expression levels or expression patterns 
(Supplementary Figure S2). Altogether, these results indicated 
that TCF4 is expressed at both pre-and postnatal stages of the 
mouse brain development, with long and short TCF4 isoforms 
presented at all stages.

Expression of TCF4 is highest in the 
cerebral cortex, hippocampus, 
cerebellum, and olfactory bulb in the 
rodent brain

Next, we analyzed mRNA and protein expression of TCF4 in 
various rodent brain regions. First, we conducted a meta-analysis 
of available short-read RNA-seq data (Keane et  al., 2011; 
ENCODE Project Consortium, 2012; Schmitt et  al., 2014; Yu 
et al., 2014; Vied et al., 2016; Li et al., 2017; Söllner et al., 2017; 
Cardoso-Moreira et al., 2019; Luo et al., 2020; Shafik et al., 2021) 
to quantify the expression of total Tcf4 mRNA and different Tcf4 
transcripts encoding distinct protein isoforms in rodents. Where 
possible, Tcf4 expression dynamics was studied during different 
stages of pre-and postnatal development.

In the mouse brain, Tcf4 mRNA expression was highest in 
the cerebral cortex, followed by the cerebellum, midbrain and 
hypothalamus (Figure  4A; Supplementary Figure S3A). A 
decrease in Tcf4 mRNA expression after birth was seen for all 
the studied brain regions except for the cerebellum, which 
displayed relatively stable Tcf4 mRNA levels during postnatal 
development. The majority of expressed Tcf4 transcripts 
encoded isoforms TCF4-B, -C, -D, -A, and -I, with transcripts 
encoding TCF4-A showing the highest overall expression 
(Figure 4A; Supplementary Figure S4A) in the mouse brain. The 
cerebral cortex was the only brain region that displayed a 
notable change in the expression pattern of transcripts encoding 
different TCF4 isoforms—during development the expression 
of TCF4-A decreased and the expression of TCF4-D increased 
(Figure 4A).

We then sought to describe TCF4 expression at the protein 
level in mouse brain regions. For this, we dissected the cerebral 
cortex, hippocampus, cerebellum, striatum, pons, olfactory bulb, 
hypothalamus, thalamus, and midbrain at eight postnatal stages 
(P0, 3, 5, 7, 10, 14, 21, and 60) from BALB/C (Figure  4) and 
C57BL/6 (Supplementary Figure S5) mice, prepared protein lysates 
and analyzed TCF4 levels by western blot. First, we compared 
TCF4 protein expression across distinct brain regions at two 
postnatal stages, P0 and P10 by western blot analysis (Figures 4B,C; 
Supplementary Figures S5A,B). We observed high TCF4 expression 
levels in the cerebral cortex and hippocampus at P0, and in the 
cerebellum at P10 (Figures 4B,C; Supplementary Figures S5A,B). 
The long and short TCF4 protein isoforms were present in all 
studied brain regions (Figures 4B,C; Supplementary Figures S5A,B). 
The medium isoforms had more restricted patterns being detected 
at high levels in the cerebral cortex and hippocampus, at low levels 
in the cerebellum, olfactory bulb, and pons, and were below the 
detection limits in other brain regions (Figures 4B,C).

Next, we focused on the developmental dynamics of TCF4 
protein expression in all the dissected mouse brain regions during 
postnatal development (P0-60; Figure  4D; 
Supplementary Figure S5C). To better compare TCF4 signals 
between individual brain regions across development, we used 
tissue lysate from the P10 cerebral cortex in each experiment as 

A

B

FIGURE 3

Protein expression of TCF4 in the mouse brain peaks around 
birth. (A,B) Western blot analysis of TCF4 protein expression 
through the pre-and postnatal development in the BALB/c 
(A) and C57BL/6 (B) mouse whole brain. Tissue lysates from the 
whole brain were made at different embryonic (E) and postnatal 
(P) days. The locations of TCF4 isoform groups are color coded 
and shown on the right. In each panel, molecular weight is 
shown on the left in kilodaltons. Under each western plot panel, 
a line graph depicting the quantification of long, medium, and 
short TCF4 protein isoforms during development is shown. TCF4 
protein levels were normalized to the total TCF4 signal of the P10 
cerebral cortex of the respective mouse strain.
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a calibrator and quantified the results (Figure  4E; 
Supplementary Figure S5F). In agreement with our direct 
comparisons (Figures 4B,C; Supplementary Figures S5A,B), the 
highest levels of TCF4 expression were observed in the cerebral 

cortex, hippocampus, and cerebellum, with all the other studied 
brain regions showing either moderate (olfactory bulb) or low 
(striatum, midbrain, hypothalamus, pons, and thalamus) TCF4 
expression (Figure 4E; Supplementary Figure S5F). While in the 
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D
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B

C

FIGURE 4

Expression of TCF4 is high in the mouse cerebral cortex, hippocampus and cerebellum. (A) Three independent datasets from Cardoso-Moreira 
et al. (2019), ENCODE Consortium (ENCODE Project Consortium, 2012; Luo et al., 2020), and Shafik et al. (2021) were combined for meta-analysis 
of Tcf4 mRNA expression in mouse cerebral cortex, cerebellum, midbrain, and hypothalamus throughout development. mRNA expression of total 
Tcf4 is visualized as a line chart (upper panel) where the solid line connects the mean of Tcf4 expression for each developmental stage and error 
bars represent standard error of the mean (SEM). The distribution of isoform-specific transcripts is shown as bars (lower panel). Each isoform is 
represented with different color, as shown in the legend on the right. (B–D) Western blot analysis of TCF4 protein expression in different brain 
areas of BALB/c mouse at P0 (B), P10 (C), and throughout postnatal development (D). The examined brain areas are shown on the top of each 
panel together with the day of postnatal development. P10 cerebral cortex was used for normalization (D). Coomassie membrane staining (CS) 
shown at the bottom of each western blot was used as a loading control. The locations of TCF4 isoform groups are color coded and shown on 
the right. In each panel, molecular weight is shown on the left in kilodaltons. (E) TCF4 signals from western blot analysis of different brain areas of 
BALB/c mouse were quantified and normalized using Coomassie staining. The normalized signal from P10 cerebral cortex was set as 1, and the 
quantification results are visualized as a heatmap. Color scale gradient represents the relative TCF4 expression level, where blue and red color 
represents the lowest and the highest total TCF4 protein level, respectively. The studied brain regions are shown on the left and developmental 
stages on top. CTX, cerebral cortex; HC, hippocampus; CB, cerebellum; STRT, striatum; OB, olfactory bulb; MB, midbrain; HTH, hypothalamus; TH, 
thalamus; P, postnatal day; and CS, Coomassie staining.
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FIGURE 5

Expression of TCF4 is high in the rat cerebral cortex, hippocampus, and cerebellum. (A) Dataset from Cardoso-Moreira et al. (2019) was analyzed 
for TCF4 expression in rat cerebral cortex and cerebellum throughout development. Total Tcf4 mRNA expression and the TCF4 isoform 
distribution was analyzed and visualized similarly to mouse. For more information see legend of Figure 4A. (B–D) Western blot analyses of TCF4 
protein expression in different brain areas of WISTAR rat at P0 (B), P10 (C), and throughout postnatal development (D). For more details see legend 
of Figures 4B–D. (E) TCF4 signals from western blot analysis of different brain areas of WISTAR rat were quantified, normalized using Coomassie 
staining, and visualized as a heatmap. For more details see legend of Figure 4E. CTX, cerebral cortex; HC, hippocampus; CB, cerebellum; OB, 
olfactory bulb; MB, midbrain; HTH, hypothalamus; TH, thalamus; P, postnatal day; and CS, Coomassie staining.

cerebral cortex and hippocampus TCF4 expression peaked just 
after birth (Figure 4E; Supplementary Figure S5F), cerebellum 
displayed a slightly delayed increase in TCF4 expression, peaking 
around a week after birth (Figure 4E; Supplementary Figure S5F). 
Notably, cerebellum and hippocampus retained a higher 
expression of TCF4 for a longer period compared to the cerebral 
cortex (Figure 4E; Supplementary Figure S5F).

To extend our observations for the mouse, we  next 
characterized TCF4 expression in the brain of another important 
model organism, the rat (Figure 5). Tcf4 mRNA expression was 
highest in the rat cortex, hippocampus, and cerebellum 
(Figure  5A; Supplementary Figure S3B). At P0 and P10, the 
highest TCF4 protein expression levels were seen in the cerebral 
cortex, hippocampus, and cerebellum (Figures  5B,C). The 
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expression dynamics of TCF4 protein isoforms across postnatal 
development were similar to mouse (Figures 5D,E). Notably, in 
P0-5 rat cerebral cortex, hippocampus, and olfactory bulb an 
isoform migrating faster than the TCF4-A isoforms was seen, 
potentially corresponding to TCF4-I (Figures 5B–D).

Taken together, our data showed that TCF4 expression pattern 
and dynamics were similar in the mouse and rat brain—the 
highest TCF4 protein expression was seen in the cerebral cortex 
and hippocampus around birth, and in the cerebellum 1–2 weeks 
after birth. TCF4 expression in other brain regions was relatively 
low. In addition to the differences in overall expression of TCF4, 
our data revealed that the composition of TCF4 isoforms 
expressed varies across brain regions in mouse and rat.

Expression of TCF4 is lower in rodent 
nonneural organs compared to the brain

We then focused on mouse nonneural organs and performed 
a meta-analysis of available short-read RNA-seq data (Keane et al., 
2011; ENCODE Project Consortium, 2012; Schmitt et al., 2014; 
Yu et al., 2014; Vied et al., 2016; Li et al., 2017; Söllner et al., 2017; 
Cardoso-Moreira et al., 2019; Luo et al., 2020; Shafik et al., 2021). 
We analyzed Tcf4 mRNA expression in the lung, kidney, thymus, 
spleen, liver, heart, and stomach (Figure  6A; 
Supplementary Figures S3A, S4A). These tissues displayed 
comparable Tcf4 mRNA expression levels except for the liver, 
where almost no Tcf4 mRNA expression was seen after birth 
(Figure  6A; Supplementary Figure S3A). Of the transcripts 
encoding different TCF4 protein isoforms in nonneural organs, 
the ones encoding TCF4-A were most prominently expressed, 
followed by TCF4-B-encoding transcripts (Figure  6A; 
Supplementary Figure S4A).

Next, we prepared protein lysates from BALB/c (Figure 6) and 
C57BL/6 (Supplementary Figure S5) mouse heart, diaphragm, 
muscle, skin, lung, kidney, bladder, stomach, pancreas, thymus, 
spleen, liver, and blood cells at P0, 14, and 60 for western blot 
analysis (Figures 6B,C, Supplementary Figure S5). In nonneural 
tissues, the composition of TCF4 protein isoforms was similar to 
the one in the brain—both long and short TCF4 protein isoforms 
were always present, whereas medium-sized TCF4 isoforms were 
not observed in any of the nonneural tissues (Figures  6B,C; 
Supplementary Figure S5D,E). Among the studied nonneural 
tissues, the highest levels of TCF4 protein were seen in the skin at 
P0 (Figure  6D; Supplementary Figure S5G). Very low TCF4 
protein levels were detected in the pancreas, spleen, kidney and 
liver, and TCF4 protein expression was not seen in the blood cells 
(Figure 6D; Supplementary Figure S5G).

We also investigated TCF4 expression in rat nonneural tissues 
(Figure  7; Supplementary Figures S3B, S4B). Rat Tcf4 mRNA 
expression was comparable in all the nonneural tissues except for 
the liver, where Tcf4 expression was very low (Figure  7A; 
Supplementary Figure S3B). Different from mouse, transcripts 
encoding TCF4-A did not account for the majority of rat Tcf4 

transcripts expressed in nonneural tissues, as also high expression 
of transcripts encoding TCF4-B and TCF4-C were present 
(Figure 7A; Supplementary Figure S4B).

Western blot analysis of rat nonneural tissues showed that 
different from mouse, TCF4 protein expression levels were more 
uniform between tissues (Figures 7B–D). In rat, TCF4 protein 
expression was highest in the thymus and was not observed in the 
pancreas (Figures  7B–D). The expression pattern of TCF4 
isoforms in rat nonneural tissues was similar to mouse, i.e., mainly 
long and short TCF4 isoforms being present (Figures 7B,C).

Overall, the expression of TCF4  in the rodent nonneural 
tissues was much lower compared to the expression levels 
observed in the early postnatal development of the central nervous 
system. In addition, medium-sized TCF4 protein isoforms were 
almost non-existent in rodent nonneural tissues.

Expression of TCF4 in human tissues is 
highest around birth

Next, we  analyzed available short-read RNA-seq data to 
describe TCF4 total and isoform-specific mRNA expression in 
humans. We first analyzed the dataset published by Cardoso-
Moreira and colleagues, which contained RNA-seq data from 
the human brain, heart, kidney, liver, and testis (Cardoso-
Moreira et al., 2019). Of the noted tissues, the highest TCF4 
mRNA expression was detected in the brain (Figure  8A). 
Human nonneural tissues showed detectable but lower TCF4 
mRNA levels compared to the brain, especially in the earlier 
stages of development (Figure  8A). Very low TCF4 mRNA 
expression was noted for the liver (Figure 8A). In contrast to 
other tissues where TCF4 mRNA levels were relatively stable 
throughout development, TCF4 mRNA expression in the 
forebrain and kidney peaked during prenatal development 
(Figure 8A). We then used developmental transcriptome data 
from the BrainSpan project7 to describe the changes in total 
TCF4 mRNA expression in different  brain regions during 
human development (Supplementary Figure S6). Results were 
similar in all brain regions—TCF4 mRNA expression peaked 
during embryonic development and decreased after birth 
(Supplementary Figure S6).

Next, we  conducted a similar analysis for adult human 
RNA-seq data from the Genotype-Tissue Expression (GTEx) 
project.8 A selection of adult human tissues is shown in Figure 8B 
and all the studied tissues can be found in Supplementary Figure S7. 
When comparing different adult human tissues, the highest TCF4 
mRNA expression levels were seen in the adult human brain and 
adipose tissues (Figure 8B; Supplementary Figure S7). Almost no 
TCF4 mRNA was detected in the human pancreas, liver, and 
whole blood (Figure 8B; Supplementary Figure S7).

7  http://brainspan.org

8  https://gtexportal.org
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For both Cardoso-Moreira et  al. and GTEx datasets, 
transcripts encoding TCF4-A made up around 50% of the total 
TCF4 mRNA levels in all the studied tissues, with the only 
exception being the testis (Figures  8A,B; 
Supplementary Figure S7). In the human testis, mRNA 
transcripts encoding TCF4-J accounted for the majority of total 
TCF4 levels beginning from adolescence, which coincides with 
the start of spermatogenesis (Figure  8A; 

Supplementary Figure S6). The other major isoform-specific 
transcripts expressed in human tissues were TCF4-B, -C, and-D 
(Figures 8A,B; Supplementary Figure S6).

Next, we aimed to investigate TCF4 isoform composition in 
the adult human cerebral cortex and hippocampus. For this, 
we prepared protein lysates from these brain regions and human 
neuroblastoma cell line SH-SY5Y used for isoforms’ mobility 
comparison. Western blot analysis revealed that TCF4 protein 
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FIGURE 6

Expression of TCF4 in mouse nonneural tissues. (A) Six independent datasets shown on the right were combined for meta-analysis of Tcf4 
expression in mouse heart, lung, kidney, stomach, thymus, spleen, and liver throughout development. Total Tcf4 levels and the distribution of 
isoform-specific transcripts is visualized. For more information see legend of Figure 4A. (B,C) Western blot analysis of TCF4 protein expression in 
different nonneural tissues of BALB/c mouse at P14 (B), and throughout postnatal development (C). TCF4 signal from the P60 cerebral cortex was 
used in each experiment for normalization. Coomassie membrane staining (CS) shown at the bottom of each western blot was used as a loading 
control. The locations of TCF4 isoform groups are color coded and shown on the right. In each panel, molecular weight is shown on the left in 
kilodaltons. (D) TCF4 signals from western blot analysis of different peripheral tissues of BALB/c mouse were quantified and normalized using 
Coomassie staining. The signal was then normalized to the signal of the P60 cerebral cortex, and the quantification result is visualized as a 
heatmap. Color scale gradient represents the relative TCF4 expression level, where blue and red color represents the lowest and the highest total 
TCF4 protein level, respectively. Gray boxes indicate no detectable TCF4 expression. The studied nonneural tissues are shown on the left and 
developmental stages on top. P, postnatal day; CS, Coomassie staining.
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signal was detectable in both adult human brain and SH-SY5Y 
cell line (Figure 9). We also detected a possible non-specific signal 
located between the long and medium TCF4 isoforms in both 
SH-SY5Y and human brain lysates (Figure 9) since this signal was 
not detected using other TCF4 antibodies (data not shown) 
validated by us before (Nurm et al., 2021). Different to SH-SY5Y 
cell line, we detected all three TCF4 isoform groups in the adult 
human brain, however expression level of longer TCF4 isoforms 
was higher compared to the medium and short isoforms 
(Figure  9; Supplementary Figure S8). This result was on the 
contrary with protein isoform patterns seen in the rodent brain 

and the results from our human RNA-seq data analysis, which 
could result from protein stability, post-mortem artifacts or 
signal masking by other similar-sized proteins. Nevertheless, the 
presence of long, medium and short TCF4 isoforms in adult 
human brain matched with TCF4 isoform pattern in rodents, 
however the species-and tissue-specific temporal expression 
dynamics of different TCF4 isoforms during the development 
cannot be emphasized more.

Altogether, our results show that TCF4 mRNA is expressed at 
high levels in the human brain during development and the 
expression is retained in the adulthood. In most tissues transcripts 
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FIGURE 7

Expression of TCF4 in rat nonneural tissues. (A) Three independent datasets shown on the right were combined for meta-analysis of Tcf4 
expression in rat heart, muscle, lung, kidney, thymus, spleen, and liver throughout development. Total Tcf4 levels and the distribution of isoform-
specific transcripts is visualized. For more information see Figure 4A. (B,C) Western blot analyses of TCF4 protein expression in different peripheral 
tissues of WISTAR rat at P14 (B), and throughout postnatal development (C). For more details see legend of Figures 6B,C. (D) TCF4 signals from 
western blot analysis of different nonneural tissues of WISTAR rat were quantified, normalized using Coomassie staining, and visualized as a 
heatmap. For more details see legend of Figure 6D. P, postnatal day; CTX, cerebral cortex.
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FIGURE 8

TCF4 transcripts encoding TCF4-A account for the majority of total TCF4 expression in the human brain and nonneural tissues. Data from 
Cardoso-Moreira et al. (A) (Cardoso-Moreira et al., 2019) and the Genotype-Tissue Expression (GTEx) project (B) was analyzed for TCF4 
expression in the brain and nonneural tissues in humans through development (A) or in adults (B). mRNA expression of total TCF4 is visualized 
either as a line chart (A) or box plot (B), and the distribution of isoform-specific transcripts is shown as bars (A,B). (A) Average values are 
presented as dots and error bars represent SEM. (B) The hinges show 25 and 75% quartiles, the horizontal line shows the median value, the 
upper whisker extends from the hinge to the largest value no further than 1.5 of the inter-quartile range from the hinge, the lower whisker 
extends from the hinge to the smallest value at most 1.5 * inter-quartile range of the hinge. Each isoform is represented with different color, as 
shown in the legend on the right. Individual data points are presented as small dots.

encoding for TCF4-A were the most prominent ones, while in the 
testis TCF4-J encoding transcripts were mostly expressed. In adult 
human brain, long, medium and short TCF4 protein isoforms 
are expressed.

Discussion

Transcription factor TCF4 has been extensively studied due to 
its linkage with neurocognitive disorders such as intellectual 
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disability, schizophrenia and Pitt-Hopkins syndrome (Stefansson 
et al., 2009; Kharbanda et al., 2016; Zollino et al., 2019). Knowledge 
of TCF4 expression across tissues and development would lay the 
foundation to understanding how these diseases develop and may 
help with the generation of gene therapy applications for the many 
TCF4 associated diseases. Transcripts from the mouse and human 
TCF4 gene have been previously described in our lab using mRNA 
and expressed sequence tag data from public databases (Sepp 
et al., 2011; Nurm et al., 2021). Short read RNA-seq data can also 
be used to describe Tcf4 transcripts. However, due to the structure 
of the Tcf4 gene, it can be complicated to describe expression of 
transcripts encoding different isoforms based only on short read 
RNA-seq data as splicing features or 5′ exons can be difficult to 
detect. Our direct long-read RNA-seq analysis of Tcf4 transcripts 
in the rodent brain revealed that transcription from the Tcf4 gene 
results in transcripts encoding 5 N-terminally distinct TCF4 
protein isoforms in the rodent brain – TCF4-B, -C, -D, -A, 
and-I. This result falls in line with previous observations by Nurm 
et al. (2021).

Expression of total Tcf4 mRNA during development has been 
extensively studied mainly in the mouse cerebral cortex at the total 
mRNA level, with the highest expression reported around birth 
(E16-P6; Li et al., 2019; Phan et al., 2020). This is in accordance 
with our RNA-seq meta-analysis and applies for both mouse and 
rat. In addition, we show that the expression dynamics of Tcf4 in 
the rodent brain and nonneural tissues are similar—highest Tcf4 
expression can be detected around birth, followed by a decline 
during postnatal development. However, studying only total Tcf4 
mRNA levels provides only partial information about Tcf4 
expression as transcription from the Tcf4 gene results in numerous 
transcripts, and encoded protein isoforms have different 
functional protein domains and transactivation capability (Sepp 

et  al., 2011, 2017; Nurm et  al., 2021). We  have previously 
developed a method which quantifies the expression of different 
Tcf4 protein isoform-encoding transcripts using short read 
RNA-seq data (Sirp et  al., 2020). Here, we  applied the same 
approach to describe the expression of different TCF4 isoforms 
throughout development using previously published RNA-seq 
data. When leaving aside the great increase in the expression of 
TCF4-J in the adolescent human testis (transcripts encoding 
TCF4-J are not present in rodents), no drastic change concerning 
switching from the expression of one TCF4 isoform to the other 
was detected during the rodent and human development. This 
suggests that the same TCF4 isoforms that are necessary during 
development may also be vital for the TCF4-mediated normal 
functioning of the adult organism.

The necessity of so many different TCF4 isoforms remains 
unknown. In humans, mutations in the 5′ region of TCF4 gene, 
which affect only the longer isoforms, lead to mild–moderate 
intellectual disability (Kharbanda et al., 2016). As the resulting 
disease is not as severe as the Pitt-Hopkins syndrome, it may mean 
that a slight decrease in overall TCF4 expression causes the 
phenotype. However, it is also possible that the longer TCF4 
isoforms have specific functions which cannot be compensated by 
other TCF4 isoforms, and mutations affecting only a subset of 
TCF4 isoforms result in less severe effects than seen for mutations 
affecting all the isoforms. Recently, it has been shown that 
postnatal normalization of TCF4 expression to wild type levels can 
rescue the phenotype of TCF4 heterozygous knockout mice (Kim 
et al., 2022). In addition, studies of Daughterless, the orthologue 
of TCF4 in the fruit fly, have shown that it is possible to partially 
rescue the severe embryonic neuronal phenotype of Daughterless 
null mutation by overexpressing either human TCF4-A or TCF4-B 
(Tamberg et al., 2015). The generation of TCF4 isoform-specific 
mutant mice would help to identify whether TCF4 isoforms have 
distinct or similar functions. Such a model could be  used to 
determine whether it is possible to rescue the negative phenotype 
resulting from a knock-out of a single TCF4 isoform by increasing 
the level of an another TCF4 isoform. However, generating such a 
model comes with many challenges. To begin with, it can 
be complicated to silence all the TCF4 isoforms individually by 
causing just frameshift mutations as only some isoforms (e.g., 
TCF4-B and-A) have their translation start sites located in 
independent 5′ exons. In addition, mutating one TCF4 transcript 
can result in the upregulation of another TCF4 transcript – an 
effect that we saw when silencing TCF4-A in Neuro2a cells that 
resulted in an increase in TCF4-I levels. We have also previously 
shown that Fuchs’ Endothelial Dystrophy-related endogenous 
downregulation of transcripts encoding longer TCF4 isoforms 
results in the upregulation of shorter isoforms (Sirp et al., 2020).

To fully characterize TCF4 expression, it is important to 
consider all TCF4 protein isoforms. Previously, a large study on the 
expression of TCF4 protein during neurodevelopment has been 
performed by Matthias Jung and colleagues using 
immunohistochemical analysis with an antibody specific only for 
the long TCF4 protein isoforms (Jung et al., 2018). Another study 

FIGURE 9

Expression of TCF4 protein isoforms in adult human cerebral 
cortex and hippocampus. Western blot analysis of TCF4 protein 
expression in the adult human cerebral cortex left (L) and right 
(R) hemisphere, hippocampus, and SH-SY5Y cell line. Samples 
from four individuals aged 62 (I), 65 (II), 67 (III), and 70 (IV) 
yearswere used. Coomassie staining (CS) shown at the bottom 
was used as loading control. The locations of TCF4 isoform 
groups are color coded and shown on the right. In each panel, 
molecular weight is shown on the left in kilodaltons. CS, 
coomassie staining.
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by Kim and colleagues used TCF4-GFP reporter mice to 
characterize total TCF4 expression in the mouse brain (Kim et al., 
2020). A major limitation of these methods is that they cannot 
be  used to describe the expression of different TCF4 protein 
isoforms. Overall, our results of total TCF4 protein expression levels 
during postnatal development of different mouse brain areas agree 
with the previously reported data. However, by using a TCF4 
antibody specific for all the TCF4 isoforms in western blot analysis, 
we  were able to distinguish TCF4 protein expression in three 
different groups – long (TCF4-B, TCF4-C), medium (TCF4-D) and 
short TCF4 isoforms (TCF4-A, TCF4-I). Isoform-specific silencing 
of TCF4 and in vitro translated TCF4 protein isoforms confirmed 
the locations of TCF4 isoforms in western blot. However, it should 
be noted that a similar pattern of TCF4 isoforms in western blot 
analysis between different tissues may not necessarily indicate the 
presence of exactly the same TCF4 isoforms. We acknowledge that 
in vitro and in vivo translated proteins can migrate differently in 
western blot analysis due to the differences in post-translational 
modifications of the proteins in various cell types.

The expression dynamics of TCF4 during the development 
varied in different brain regions. In contrast to the cerebral cortex 
where TCF4 expression levels decline after birth, in the 
cerebellum, hippocampus and olfactory bulb we  saw a more 
prolonged high TCF4 protein expression. In the cerebellum TCF4 
protein expression peaks about a week later than in any of the 
other brain regions. While the majority of the neurogenesis in the 
central nervous system happens during prenatal development, the 
granule cell precursors of the cerebellum and olfactory bulb, and 
the dentate gyrus of the hippocampus proliferate and differentiate 
after birth (Chen et al., 2017), where TCF4 was shown to be highly 
expressed (Jung et al., 2018; Kim et al., 2020), and regulate the 
maturation of the cerebellar granule cells (Kim et  al., 2020). 
We  propose that high TCF4 expression is necessary for the 
maturation of distinct brain regions, whereas fully developed 
brain areas display low and stable TCF4 expression necessary for 
normal function of the adult nervous system.

Expression of long and short TCF4 protein isoforms was seen 
in all brain regions and nonneural tissues where TCF4 was 
detectable. However, in rodents the medium TCF4 isoforms 
(TCF4-D) were only observed in the brain, specifically in the 
cerebral cortex, hippocampus, and olfactory bulb. Interestingly, in 
the whole rodent brain the expression of medium isoforms became 
apparent only in later stages of embryonic development. The only 
well-known functional protein domain located in the N-terminal 
region of longer TCF4 isoforms is activation domain 1. While the 
long TCF4 isoforms (TCF4-B and-C) contain this domain, TCF4-D 
lacks it. In addition, different from short TCF4 isoforms (TCF4-A 
and-I), TCF4-D contains a nuclear localisation signal. It remains to 
be studied what the function of TCF4-D in the development of the 
nervous system is and why this TCF4 isoform is missing in the 
cerebellum where TCF4 is otherwise highly expressed.

Based on the results of the present study we propose that a 
mixture consisting of TCF4-B, -C, -D, -A, and-I encoding 
constructs could be  used in gene therapy approaches for 

Pitt-Hopkins syndrome. However, it should be noted that TCF4 
expression levels vary between brain regions and cell types during 
development (Jung et al., 2018; Kim et al., 2020), suggesting that 
the dosage of TCF4 isoforms needs to be highly regulated. The 
direct administration of a cocktail of TCF4 isoforms may allow 
easier control of each isoform compared to other gene therapy 
approaches such as activation of endogenous promoters and 
enhancers. As a next step of this study, a similar TCF4 protein 
expression analysis should be done for human brain regions with 
a focus on the hippocampus and cerebral cortex, as studies of 
structural brain anomalies in PTHS-patients and Tcf4-
heterozygous mice have shown hypoplasia of these brain regions 
(Marangi and Zollino, 2015). In addition, the expression of TCF4 
different transcripts and the protein isoforms they encode should 
be studied at the single cell level to better understand how the 
many TCF4 isoforms are regulated between cell types.
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Non-coding RNA and
n6-methyladenosine
modification play crucial roles in
neuropathic pain
Kexin Zhang, Pei Li, Yuanyuan Jia, Ming Liu and
Jingjing Jiang*

Department of Anesthesiology, Shengjing Hospital of China Medical University, Shenyang, China

After peripheral nerve injury, pain signals are transmitted from primary

sensory neurons in the dorsal root ganglion (DRG) to the central nervous

system. Epigenetic modification affects neuropathic pain through alterations

in the gene expression in pain-related areas and glial cell activation. Recent

studies have shown that non-coding RNA and n6-methyladenosine (m6A)

methylation modification play pivotal regulatory roles in the occurrence

and maintenance of neuropathic pain. Dysregulation of the RNA m6A

level via dynamic changes in methyltransferase and demethylase after

central or peripheral nerve injury commonly regulates pain-associated genes,

contributing to the induction and maintenance of neuropathic pain. The

dynamic process has significant implications for the development and

maintenance of neuropathic pain. However, the underlying mechanisms by

which non-coding RNA and m6A RNA modification regulate neuropathic pain

are not well-characterized. This article elucidates the multiple mechanisms

of non-coding RNA and m6A methylation in the context of neuropathic pain,

and summarizes its potential functions as well as recent advances.

KEYWORDS

n6-methyladenosine (m6A), non-coding RNAs (ncRNAs), neuropathic pain, glial cell,
neuroinflammation

Introduction

Neuropathic pain is a pain disorder caused by a lesion or disease of the
somatosensory nervous system, which can be composed of peripheral neuropathic
pain and central neuropathic pain (Scholz et al., 2019). The main symptoms of
neuropathic pain are allodynia (a painful response to a normally non-painful stimulus)
and hyperalgesia (an increased pain from a stimulus that normally provokes pain), which
substantially reduce the quality of life of patients, such as through the development of
sleep disorders, anxiety, and depression (Baron, 2009). Clinical management strategy
for neuropathic pain remains one of the major challenges because painful symptoms are
heterogenous and multidimensional (Bouhassira, 2019). Commonly used treatments for
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neuropathic pain such as antidepressants, anticonvulsants, and
analgesics have moderate efficacy and increase the risk of
central nervous system side effects. Investigating the molecular
mechanisms of neuropathic pain and identifying its specific
treatments will be the main directions for future research.

Following peripheral nerve injury, the pain signaling
is subsequently transmitted to the central nervous system
including the dorsal horn of the spinal cord and pain-related
brain regions connected to the nociceptors at the end of the
primary sensory neurons in the DRG, resulting in central
sensitization (Carlton et al., 2009). There are diverse reciprocal
interactions between sensory neurons and glial cells which form
a unit linking glial cell activation and spinal sensitization in
the context of neuropathic pain. Glial cell activation is linked
to neuropathic pain induction and maintenance, playing a
crucial role in the transmission of pain signals (Yu et al., 2020;
Donnelly et al., 2020). Epigenetic regulation at the gene level has
increasingly attracted attention with the expansion of research
on neuropathic pain. Epigenetic modifications such as non-
coding RNAs (ncRNAs), histone covalent modifications, DNA
methylation, and RNA methylation by n6-methyladenosine
(m6A) regulate the expression of genes related to axon growth
and glial cell activation after peripheral nerve injury (Zhang L.
et al., 2021; Liu et al., 2022). Recent studies have unraveled the
role of ncRNAs as potential regulators between nerve injury,
inflammation, and neuropathic pain (Sommer et al., 2018).

n6-methyladenosine modification is the most prevalent
internal modification of eukaryotic mRNAs and occurs
primarily with adenine in mRNAs (Meyer et al., 2012). Mediated
by methyltransferase, demethylase and m6A-binding protein,
m6A regulates mammalian cell proliferation and differentiation
via mRNA splicing, translation, and stability (Mauer et al., 2017;
Zaccara et al., 2019). m6A methylation of mRNA is a gene level
modification similar to DNA methylation, that contributes to
heritable alterations in gene expression without changing the
gene sequence (Zhao et al., 2020). m6A modification exists not
only in mRNAs, but also in almost all types of ncRNAs (Zhao
et al., 2021). However, the differing roles of m6A on ncRNAs in
mammalian cells are less clear. Herein, we aim to investigate the
epigenetic mechanism by which ncRNAs and m6A methylation
influence nerve injury-induced neuropathic pain.

Non-coding RNAs and
neuropathic pain

Classification and features of
non-coding RNAs

Non-coding RNAs are small RNA molecules that typically
do not encode detectable protein. Compared with coding
RNAs, ncRNAs functions are more complex. Nearly 70% of
the genome is translated to ncRNAs. There are many types of

ncRNAs. In this review, we focus on three types of ncRNAs:
miRNA (microRNA), lncRNA (long non-coding RNA), and
circRNA (circular RNA).

The processing of primary miRNAs with hairpin-like
structure into mature miRNAs entails splicing by RNase III
proteins, Drosha and Dicer (Lee et al., 2003). The length of
endogenous lncRNAs exceeds 200 nucleotides, lncRNAs may
bind target genes more specifically and selectively due to their
length. LncRNAs can also be categorized into five types with
respect to their complimentary protein-coding gene, which can
be orientated in a sense and/or antisense direction: (1) sense,
(2) antisense, (3) bidirectional, (4) intronic and (5) intergenic
(Qi and Du, 2013). CircRNA is the circular non-coding RNA
formed by covalent binding of 3′ arm and 5′ arm after reverse
splicing. Several studies have demonstrated the involvement of
lncRNAs and circRNAs in the regulatory mechanisms involved
in the development of neuropathic pain. lncRNAs and circRNAs
which have multiple complementary binding sites of miRNAs
participate in the development of neuropathic pain principally
through acting as competing endogenous RNAs (ceRNAs).
ceRNAs sponge their target miRNAs to decrease the expression
of target gene of miRNAs (Salmena et al., 2011).

Non-coding RNAs regulate the
expression of pain-associated genes in
neuropathic pain

Dysregulation of pain-associated genes is related to
epigenetic modification of injured neurons. Moreover,
investigations of pain-associated genes by ncRNAs provide
insights into the mechanisms underlying neuropathic pain
(Table 1).

miRNAs are estimated to regulate more than 30% of genes
in vivo and participate in the development and maintenance
of neuropathic pain. Some miRNAs affect neuropathic pain
by modulating gene expression and inducing activation of
glial cells. Overexpression of miR-34c was shown to reduce
the secretion of NLRP3, ASC, caspase-1, IL-1β, and IL-18
in the spinal cord. miR-34c greatly ameliorates neuropathic
pain by inhibiting NLRP3-mediated neuroinflammation and
cell apoptosis (Xu et al., 2019). Downregulation of miR-34c-5p
was found to relieve neuropathic pain through SIRT1/STAT3
(signal transducer and activator of transcription 3) signaling
pathway (Mo et al., 2020). Ablation of miR-23a in partial sciatic
nerve ligation (pSNL) mice was shown to directly inhibit the
expression of CXCR4 on microglia and regulate TXNIP/NLRP3
expression leading to neuropathic pain (Pan et al., 2018). miR-
26a-5p is significantly decreased in chronic constrictive injury
(CCI) model and in turn downregulates mitogen-activated
protein kinase (MAPK) 6, which exacerbates neuropathic pain
(Zhang et al., 2018). miR-146a-5p in DRG and SDH was shown
to inhibit IRAK1 and TRAF6 through TLRs and IL-1 receptor
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TABLE 1 Non-coding RNAs in different pain models regulate pain-related genes.

Pain model Dysregulated miRNAs Regulation Target Site References

pSNL miR-23a Downregulation TXNIP/NLRP3 axis Spinal glial cell Pan et al., 2018

CCI miR-26a-5p Downregulation MAPK6 Spinal cord Zhang et al., 2018

CCI miR-146a-5p Upregulation IRAK1/TRAF6 signaling DRG, SDH Wang Z. et al., 2018

CCI miR-34c Downregulation NLRP3 Spinal cord Xu et al., 2019

SNI miR-30c-5p Upregulation BAMBI Spinal cord, DRG, CSF, plasma Tramullas et al., 2018

CCI miR-381 Downregulation HMGB1/CXCR4 Spinal cord Zhan et al., 2018

SNL miR-124-3p Downregulation Egr1 DRG, SDH Jiang et al., 2021

CCI miR-34c-5p Upregulation SIRT1/STAT3 DRG Mo et al., 2020

CCI LncRNA XIST Upregulation miR-150/ZEB1 axis Spinal cord Yan et al., 2018

CCI LncRNA XIST Upregulation miR-137/TNFAIP1axis Spinal cord Zhao et al., 2018

CCI LncRNA XIST Upregulation miR-544/STAT3 axis Spinal cord Jin et al., 2018

CCI LncRNA NEAT1 Upregulation miR-381/HMGB1 axis Spinal cord Xia et al., 2018

CCI LncRNA CRNDE Upregulation miR-136/IL6R axis Spinal cord Zhang D. et al., 2019

SNL LncRNA SNHG1 Upregulation CDK4 Spinal cord Zhang J. Y. et al., 2020

SNL Kcna2 antisense RNA Upregulation Zinc finger protein 1/Kcna2 DRG Zhao et al., 2013

SNL circAnks1a Upregulation miR-324-3p/VEGFB SDH Zhang S. B. et al., 2019

CCI Circ_0005075 Upregulation miR-151a-3p/NOTCH2 axis Spinal cord Zhang Y. et al., 2021

CCI circRNA zRANB1 Upregulation miR-24-3p/LPAR3 Spinal cord Wei et al., 2020

(TIR) pathway, and finally relieve CCI-induced neuropathic
pain (Wang Z. et al., 2018). After sciatic nerve injury (SNI), miR-
30c-5p was up-regulated in the spinal cord, DRG, cerebrospinal
fluid (CSF), and plasma, while miR-30c-5p was causally involved
in neuropathic pain. Analysis indicated that the expression of
miR-30c-5p in plasma and CSF may help predict neuropathic
pain (Tramullas et al., 2018). Aberrant overexpression of mir-
26a-5p suppresses neuropathic pain and neuroinflammation via
target gene MAPK6 (Zhang et al., 2018). miR-381 in CCI rats
showed a negative correlation with high mobility group box
1 (HMGB1) and CXCR4 to regulate neuropathic pain (Zhan
et al., 2018). SNL-induced downregulation of miR-124-3p in
DRG and dorsal horn is related to up-regulation of Egr1, and
affects neuropathic pain (Jiang et al., 2021).

There is a large body of evidence suggesting a crucial role of
lncRNAs in the pathophysiology of neuropathic pain (Li T. et al.,
2019). Following peripheral nerve injury, dysregulated lncRNAs
in the injured neurons were shown to modulate neuropathic
pain by regulating the expression of pain-related genes (Jia
et al., 2020). lncRNA XIST affects neuropathic pain by sponging
target miRNAs to influence pain-related genes. XIST affects
the expression of TNFAIP1 gene and may further promote
neuropathic pain by specifically sponging miR-137 (Zhao et al.,
2018). XIST sponges miR-544 to activate STAT3 (Jin et al., 2018),
and XIST modulates the expression of ZEB1 through targeting
miR-150 (Yan et al., 2018). XIST is a novel pronociceptive
lncRNA in the context of neuropathic pain. In addition to
the role of lncRNA NEAT1 in cancer, silencing of NEAT1
can also inhibit neuropathic pain and neuroinflammation.
NEAT1 targets miR-381 to affect HMGB1, and induces post-
CCI neuropathic pain (Xia et al., 2018). Overexpression of

CRNDE, which act as a sponge for miR-136, was found to
enhance neuropathic pain and neuroinflammation (Zhang D.
et al., 2019). lncRNA SNHG1 blocked SNL-induced neuropathic
pain because of the CDK4 level which can regulate inflammatory
factors (Zhang J. Y. et al., 2020). After SNL, there is an activation
of myeloid zinc finger protein 1 which is a transcription factor
that can target the Kcna2 antisense RNA promoter region. The
upregulation of Kcna2 antisense RNA, a conserved lncRNA, in
injured DRG ultimately suppresses neuropathic pain symptoms
(Zhao et al., 2013). This study revealed that endogenous Kcna2
antisense RNA may act as a therapeutic target for neuropathic
pain.

In addition, an accumulating body of evidence has shed
new light on the relationship of circRNA in DRG and spinal
dorsal horn with neuropathic pain. Circ_0005075 contributes
to CCI-induced neuropathic pain through sponging miR-151a-
3p which regulates Notch2 expression (Zhang Y. et al., 2021).
In the cytoplasm, circAnks1a serves as a ceRNA binding miR-
324-3p to regulate VEGFB expression. Upregulation of VEGFB
increases the excitability of dorsal horn neurons and aggravates
neuropathic pain (Zhang S. B. et al., 2019). In CCI rats, LPAR3
expression level was significantly altered by circRNA zRANB1
which is an upstream regulator of miR-24-3p (Wei et al., 2020).

Non-coding RNAs regulate
neuropathic pain via glial cell activation

Recently, several studies have demonstrated the
molecular mechanism by which miRNAs contribute to
neuroinflammation, glial cell migration, and apoptosis. After
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FIGURE 1

Non-coding RNAs regulate neuropathic pain via glial cell activation.

peripheral nerve injury, miRNAs bind to specific transcription
factors or 3′-UTR of target mRNA to dampen mRNA translation
and degradation; this alters the cell phenotype and the activation
state of glial cells. miRNAs such as miR-124-3p (Jiang et al.,
2020) and miR-210 (Li B. et al., 2020) can respectively promote
and inhibit the activation of glial cells. miR-155 activates
microglia by regulating inflammation-related gene SOCS1 and
inflammatory cytokines (Tan et al., 2015). miR-124 was found
to control the activation of microglia by inhibiting p65- and
TRAF6-dependent TLR signaling (Qiu et al., 2015). Intrathecal
injection of miR-124 was shown to alleviate M1/M2 type
markers of microglia after nerve injury, which is a potential tool
for the treatment of neuropathic pain (Willemen et al., 2012).

lncRNAs can act on microglia and astrocytes to trigger
neuropathic pain (Liu et al., 2020). Significant upregulation
of lncRNA SNHG5 in SNL model promotes the activation
of microglia and astrocytes and exacerbates neuropathic pain
by targeting miR-154-5p/CXCL13 (Chen M. et al., 2020). In
CCI, lncRNA FIRRE was upregulated in the spinal cord.
It contributes to neuropathic pain in mice by increasing
HMGB1expression in microglia (Wen et al., 2021). LncRNA
PVT1 is believed to target miR-186-5p/CXCL13/CXCR5 axis,
and is responsible for neuropathic pain caused by overactivation
of astrocytes (Zhang P. et al., 2021). Sponging of miR-219-
5p by lncRNA XIST inhibited the viability of microglia cells,
thereby affecting neuropathic pain (Zhong et al., 2021). In
recent studies, antisense lncRNAs were also found to affect
neuropathic pain. After total brachial plexus root avulsion
(tBPRA), the downregulation of lncRNA JHDM1D antisense 1

(JHDM1D-AS1) may act as a ceRNA negatively regulating miR-
101-3p. JHDM1D-AS1 can suppress microglial inflammation to
influence neuropathic pain via miR-101-3p (Liu et al., 2020).

circRNAs can also act as ceRNAs to inhibit miRNA
expression, and then regulate the pro-inflammatory genes and
the activation of glial cells. Studies have identified a variety of
regulatory pathways by which circRNAs regulate the activation
and polarization of microglia (Li M. et al., 2021; Jiang et al.,
2022). In a study, the expression of CIRS-7 in spinal dorsal
horn showed a positive correlation with the occurrence of
CCI-induced neuropathic pain. Binding of CIRS-7 with miR-
135a-5p was shown to enhance the activation of microglia by
promoting the pro-inflammatory cytokines IL-6, IL-12, and
TNF-α (Cai et al., 2020). Lastly, spinal cord injury(SCI)-induced
inflammatory response was shown to be inhibited by CircPrkcsh
through the miR-488/CCL2 axis in astrocytes (Chen et al., 2022;
Figure 1).

n6-methyladenosine methylation
and neuropathic pain

Structure and molecular function of
n6-methyladenosine

n6-methyladenosine “writers”-
methyltransferases

Methyltransferases, also known as m6A “writers” increase
the expression of m6A. This family of enzymes consists of
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FIGURE 2

The mechanism of FTO regulates neuropathic pain.

METTL3, METTL14, and Wilms’ tumor 1-associating protein
(WTAP) (Bokar et al., 1997). Methyltransferases form a
methyltransferase complex and function in conjunction with
each other. The enzymes can be identified by diverse M6A
"readers" through YTH domain proteins, indicating the effects
of m6a are dynamic and reversible. The activity of the
methyltransferase complex is also affected by miRNAs (Chen
et al., 2015).

n6-methyladenosine “erasers”- demethylases
Currently, there are two known m6A-specific demethylases,

FTO, and ALKBH5. FTO, a fat-mass and obesity-associated
protein, participates in RNA m6A modification. FTO belongs
to the ALKB dioxygenase family and is dependent on α-
Ketoglutarate (α-ketoglutaric acid, α-Kg) and divalent iron ions
located in both the nucleus and cytoplasm. m6A can be restored
to adenosine under the enzymatic action of the m6A RNA
demethylase FTO or ALKBH5 in mammals, indicating that
m6A modification is dynamically reversible (Jia et al., 2011).
The substantial increase of FTO identified in injured DRG
tissue after peripheral nerve injury suggests that FTO may be
a key target of neuropathic pain in future research (Li Y. et al.,
2020).

n6-methyladenosine “readers”-
n6-methyladenosine -binding proteins

n6-methyladenosine “readers” refers to a large class of
reading proteins, such as YTH domain family proteins (m6A-
binding protein YTH domain family) and insulin like growth
factor 2 mRNA binding proteins (IGF2BP family proteins).
These readers can recognize methylated mRNAs and directly
or indirectly combine with them to promote m6A methylation
together with methyltransferase. YTH domain family proteins
may affect the pathological process of neuropathic pain
by regulating RNA metabolism in terms of transcription,
translation, splicing, transportation, and degradation.

n6-methyladenosine methylation
regulates the expression of
pain-associated genes in neuropathic
pain

The imbalance of methylase and demethylase can modify
m6A level, which regulates the transcription of pain-associated
genes and the release of inflammatory mediators after nerve
injury, finally affecting neuropathic pain.
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METTL3 regulates the expression of
pain-associated genes

n6-methyladenosine deletion caused by cerebellar
conditional knockdown of METTL3 reduces the half-lives
of the mRNAs of development- and apoptosis-related genes and
triggers abnormal splicing of the mRNAs of synapse-associated
genes, resulting in abnormal cell differentiation and apoptosis
(Wang C. X. et al., 2018). Many studies have indicated the
involvement of apoptosis in nerve damage and the process of
development of neuropathic pain (Zhou et al., 2019; Chen X. J.
et al., 2020).

It is well established that specific suppressors of the
spinal cord such as METTL3 and YTHDF2 have a positive
correlation with the upregulation of TET1 which is a DNA
demethylase (Albik and Tao, 2021). TET1 overexpression
relieves neuropathic pain via affecting the µ-Opioid receptor
(MOR) and Kv1.2 expression to modulate pain-associated genes
(Wu et al., 2019). Data available in the literature indicate
that the downregulation of METTL3 has a specific positive
correlation with the downregulation of m6A modification of
TET1 mRNA in the spinal cord, subsequently resulting in the
reduction of YTHDF2 binding to TET1 mRNA in the complete
Freund adjuvant (CFA) model. CFA reduced both YTHDF2
and its target binding site in TET1 mRNA (Pan et al., 2021b),
and the increased expression of TET1 mRNA contributes to
neuropathic pain. YTHDF2 reduces the demethylation of the
brain-derived neurotrophic factor (BDNF) gene by repressing
TET1 expression, and the inhibited expression subsequently
reduces pain (Hsieh et al., 2016).

FTO regulates the expression of
pain-associated genes

FTO in the injured DRG may contribute to neuropathic
pain by stabilizing the differential expression of G9a, a
histone methyltransferase encoded by EHMT2 mRNA that
can remarkably inhibit transcription (Laumet et al., 2015).
Transcription activator Runx1 was reported to increase the
expression of FTO in the DRG in a model of SNL. After
peripheral nerve injury, Runx1 may be responsible for the loss
of the m6A site in the EHMT2 mRNA encoding G9a through
binding to FTO gene promoter and increasing the FTO gene
expression in the injured DRG. The upregulation of the G9a
protein in the DRG induces and maintains neuropathic pain
by reducing the amount of MOR in the injured DRG (Li Y.
et al., 2020). A recent study revealed that the gene silencing of
potassium channels and the downregulation of Kv1.2 promote
peripheral nerve injury-induced neuropathic pain through
selective knockdown of G9a in the DRG (Zheng et al., 2021).
Nerve injury results in a loss of MOR expression in DRG and
spinal cord neurons. Therefore, opioids exhibit a lower analgesic
effect on neuropathic pain. Recently, it was found that FTO was
correlated with MMP24 expression in spinal cord neurons. FTO
binding to MMP24 mRNA following SNL diminishes the m6A

enrichment in MMP24 mRNA, subsequently accelerates the
translation of MMP24 to activate extracellular signal-regulated
protein kinases(ERKs), and ultimately resulting in neuropathic
pain (Ma et al., 2021; Figure 2).

n6-methyladenosine regulates
neuropathic pain via glial cell activation

Glial cells mainly consist of oligodendrocytes, astrocytes and
microglia. The activation mechanism of glial cells provides some
insights into the mechanism of neuropathic pain (Navia-Pelaez
et al., 2021). Microglia activation-induced neuroinflammation
is a major component of neuropathic pain. The upregulation
and activation of the P2 × 4 receptor and protein kinase
p38 MAPKs in microglia can provoke neuropathic pain after
peripheral nerve injury (Williams et al., 2019; Mai et al.,
2020). This provides evidence that injured primary afferent
neurons release neurotransmitters and activate microglia; for
example, colony stimulating factor 1 (CSF1) from the injured
DRG binds to the CSF1 receptor (CSF1R) on the microglia to
activate and proliferate (Guan et al., 2016). Conditional deletion
of cholesterol transporters ABCA1 and ABCG1 in microglia
occurs in response to neuroinflammation and neuropathic
pain (Navia-Pelaez et al., 2021). Overexpression of the m6A
methyltransferase METTL3 increases the levels of the pro-
inflammatory cytokines, and promotes the lipopolysaccharide
(LPS) induced microglial inflammatory response by activating
the TRAF6-NF-κB pathway (Wen et al., 2022). Conditional
knockdown of YTHDC1 increases the markers and mediators
of pro-inflammatory phenotype (M1) microglia by elevating
the phosphorylation of STAT3 (Zhou et al., 2021). The rapid
aggregation and activation of spinal glial cells that trigger
neuroinflammation suggest that the bidirectional interactions of
spinal glial cells affect the development of neuropathic pain (Yu
et al., 2020).

There are differences in the role of astrocytes and microglia
in neuropathic pain (Chen et al., 2018) as well as differences in
their activation processes and duration. Microglia are activated
immediately after the nervous system injured. Microglia
activation precedes astrocyte activation, and astrocytes play a
persistent role thereafter (Ji et al., 2013). Evidence suggests
that astrocyte-mediated neuroinflammation shows efficacy in
the maintenance of neuropathic pain. Astrocytes proliferate and
show morphological and functional changes after nerve injury.
Astrocytes present several changes such as activation, releasing
inflammatory mediators and leading to neuroinflammation and
neuropathic pain (Li Z. et al., 2019). The expression of METTL3
in astrocytes was increased in mouse SCI model (Xing et al.,
2021). IL-33 levels in oligodendrocytes in the dorsal spinal cord
were found to be elevated after SCI, and intrathecal injection
of IL-33 enhanced pain hypersensitivity after painful injury
through TNF-α and IL-1β (Zarpelon et al., 2016). The role of
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oligodendrocytes in neuropathic pain regulation is mediated by
interaction with microglia and astrocytes. Glial cells can also
form a positive feedback loop through intercellular interaction
to develop and maintain neuropathic pain. The mediators
secreted by glial cells, such as cytokines and chemokines,
lead to mechanical and thermal hyperalgesia. For instance,
the chemokine CX3CL1 regulates neuropathic pain through
neuron-microglia interactions, CCL2 and CXCL1 regulates
neuropathic pain through astrocyte-neuron interactions in the
spinal cord, and CXCL13 promotes neuropathic pain through
neuron-astrocyte interactions (Zhang et al., 2017).

n6-methyladenosine regulates
neuropathic pain via non-coding
RNAs

m6A methylation not only regulates target mRNAs, but
also ncRNAs to participate in diverse biological processes.
The crosstalk of m6A and ncRNAs is pervasive and inspiring,
extending the scope of epigenetics. m6A methylation has
been shown to regulate miRNA maturation and further affect
neuropathic pain in in vitro (Alarcón et al., 2015). METTL3 is
sufficient to methylate massive pri-miRNAs to reinforce miRNA
maturation. In spared nerve injury state, ablation of METTL3
was associated with m6A on primiR-150. The underlying
mechanism involved cooperation of METTL3 with YTHDF2
accelerating miR-150 maturation. The maturation of primiR-
150 was inhibited by DGCR8, and primiR-150 further impaired
the target protein BDNF to promote neuropathic pain (Zhang
et al., 2022). DGCR8 which is a microprocessor complex subunit
initiates miRNA synthesis and maturation (Quick-Cleveland
et al., 2014). Silencing of METTL3 can inhibit the maturation of
miR-7212-5p (Mi et al., 2020). In the CFA-induced neuropathic
pain condition, overexpression of METTL3 in the spinal cord,
which increases the levels of m6A, influences nociceptive
sensitization by primiR-365-3p, which is recognized by DGCR8
(Zhang C. et al., 2020). Additionally, METTL14-mediated m6A
modification can regulate the maturation of primiR-126 (Ma
et al., 2017).

n6-methyladenosine modulates the expression and stability
of lncRNAs. METTL3-mediated m6A modification increased
the expression level of lncRNA MALAT1. At the same time,
METTL3/YTHDF3 complex increased the stability of lncRNA
MALAT1 (Jin et al., 2019). MALAT1 can also disturb the
development and occurrence of neuropathic pain through
the miR-206/ZEB2 axis (Chen et al., 2019). YTHDC1 has
been illustrated to preferentially bind m6A sites in diverse
ncRNAs, such as XIST, NEAT1 and MALAT1, but its function
has only been probed in the case of XIST (Patil et al.,
2016). m6A-driven translation is highly abundant in circRNAs.
Mechanistically, m6A initiates the protein synthesis of circRNA
by recruiting YTHDF3 and initiation factors eIF4G2 (Yang

et al., 2017). circ_0008542 can bind to miR-185-5p by its
own m6A methylation modification mediated by ALKBH5
or METTL3 (Wang W. et al., 2021). miR-185-5p attenuates
CCI-induced neuropathic pain and neuroinflammation by co-
targeting MyD88 and CXCR4 (Huang et al., 2022). METTL3
was found to stabilize circux1 through m6A methylation
modification. Circux1 sponges caspase1 mRNA and inhibits
caspase1-mediated neuroinflammation and neuropathic pain
(Wu et al., 2021; Figure 3).

Discussion

Neuropathic pain can adversely impair the quality of life of
patients. Exploration of the complex pathogenetic mechanism of
neuropathic pain is inherently challenging. The transcriptional
and translational changes in DRG, spinal dorsal horn, and other
pain-related areas (including cortex and dorsal hippocampus)
after peripheral nerve injury are believed to be involved in the
causation of neuropathic pain (Wang N. et al., 2021; Wei et al.,
2021). An increasing number of studies have suggested that
ncRNAs can affect neuropathic pain by regulating transcription
factors after peripheral nerve injury. miRNAs regulate gene
expression by directly binding to the 3’-UTR of the target
mRNA, resulting in translational repression or degradation
of the mRNA. miR-122-5p directly inhibits PDK4 expression
suppressing the progression of neuropathic pain (Wan et al.,
2021). In addition, miRNAs regulate transcription via regulating
the binding of DNA and protein. Loss of miR-30a-3p was found
to modify the level of BDNF and acetylated histone H3 and
H4 in CCI rats. Moreover, miR-30a-3p was shown to target
E-cadherin transcriptional activator (EP300), which modulated
BDNF through enhancing acetylated histone H3 and H4 on
the promoter (Tan et al., 2020). Histone methylation-mediated
miR-32-5p down-regulation regulated trigeminal neuropathic
pain by targeting Cav3.2 channels (Qi et al., 2022). LncRNAs,
as regulators, modulate the interactions between transcription
factors and target genes. Downregulation of DRG-specifically
enriched lncRNA (DS-lncRNA) promotes Ehmt2 transcription
in injured DRG and likely contributes to neuropathic pain.
This indicated that DS-lncRNA downregulation increases the
binding of RALY to RNA polymerase II and the Ehmt2 gene
promoter (Pan et al., 2021a). Both lncRNAs and circRNAs can
regulate glial activation and expression of the pro-inflammatory
genes by sponging pain-related miRNAs. As a ceRNA, it
induces glial cells to release inflammatory factors, to further
regulate neuropathic pain. Besides as miRNA sponges, lncRNAs
and circRNAs can interact with many different RNA-binding
proteins (RBP) to play several roles in biological processes such
as neuropathic pain (Zhang Z. et al., 2021).

In addition to DNA methylation and histone modification,
studies have also highlighted the role of m6A methylation in
neuropathic pain. m6A modification was shown to regulate the
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FIGURE 3

n6-methyladenosine methylation regulate non-coding RNAs to affect neuropathic pain.

activation of glial cells at the epigenetic level. KEGG analysis
showed that the main pathways of mRNA methylation in the
activated microglia were the pathways regulating the immune
system processes (RAS, HIF-1, TNF, mTOR, Notch, ErbB,
FoxO, JAK-STAT, and MAPK signals) and signal transduction
pathways (chemokines, RAS, NOD/TLR, B cell/T cell receptors,
IL-17) (Li Q. et al., 2021). These data can help inform further
studies of the detailed mechanisms by which m6A methylation
affects neuropathic pain through glial cell activation. The
recognition of the role of m6A methylation modification has
changed the traditional research ideas and has become one of
the contemporary research hotspots.

There is a bidirectional network between m6A methylation
and ncRNAs. m6A level affects the gene expression by affecting
the m6A methylation of ncRNAs. For example, ablation of
METTL3 was found to negatively affect the maturation of
primiR-7212-5p, and then alter the expression of miR-7212-5p
(Mi et al., 2020). METTL3-mediated m6A induces upregulation
of lncRNA LINC00958 by binding to miR-3619-5p (Zuo et al.,

2020). Moreover, ncRNAs can also regulate m6A methylation
level. miRNA can regulate the binding of METTL3 to the
target site of miRNA (Chen et al., 2015). We surprisingly
found that overexpression of miR-124a and miR-155 results
in neuropathic pain via repressing the expression of target
gene SIRT1 to promote differentiation of T cells toward
anti-inflammatory phenotype (Heyn et al., 2016). Conversely,
YTHDC1 deficiency decreased the stability of SIRT1 mRNA,
resulting in microglia polarization and inflammatory response
(Zhou et al., 2021). ncRNAs and m6A methylation modification
act on the same target gene, but cause different effects. The
underlying mechanisms of this phenomenon also need further
exploration.

Recent years have witnessed rapid advances in high-
throughput RNA sequencing (RNA-seq) and bioinformatics
algorithms. Recent studies have shown decreased expression
of miR-183 in CCI rat models, which was involved in
the progression of neuropathic pain. In addition, increased
miR-183 expression was shown to negatively regulates its
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downstream target MAP3K4, which leads to the downregulation
of inflammatory cytokines correlated with neuropathic pain.
This suggests that miR-183 is a potential biomarker and
therapeutic target for neuropathic pain (Huang and Wang,
2020). Linc00311 and lncRNA-AK141205 were upregulated in
bCCI rats. In vitro and in vivo experiments also indicated that
they activated the STAT3 signaling in spinal microglia. Silencing
of linc00311 and lncRNA-AK141205 may be a promising
treatment for neuropathic pain (Pang et al., 2020). Significant
downregulation of METTL3 and m6A methylation was found
both in spared nerve injury-induced neuropathic pain rats and
Shingles-induced neuropathic pain patients. Serum METTL3
could may serve as an unfavorable prognostic marker in patients
with neuropathic pain. It may also be helpful for dynamic
monitoring of diseases after treatment of neuropathic pain
(Zhang et al., 2022). Detection of dysregulated m6A levels
may provide a promising method for the diagnosis, prediction,
and assessment of neuropathic pain in future. Overall, more
in-depth understanding of ncRNAs and m6A modification
biogenesis, and their effects might aid the potential application
of diagnostic biomarkers.

Overcoming drug resistance through regulation of pain-
related genes may provide an alternative strategy. Achieving
in vivo delivery of ncRNAs, like other biomolecules, is a major
challenge. Currently, the most direct way to inhibit miRNAs
is to use antisense oligonucleotides, also named miRNA
blockers, that are complementary to the mature miRNAs.
However, the exogenous RNA fragment is unstable before
entering the cell and is highly susceptible to degradation by
nucleases. The use of viruses (e.g., retroviruses, lentiviruses,
adenoviruses, adeno-associated viruses) as gene vectors is an
efficient method for transfection, but also has many problems,
such as oncogenicity, immunogenicity, poor cellular targeting,
and localization, limited gene loading capacity, difficulty in
vector preparation, and environmental risks. Nowadays, the
most commonly researched non-viral vectors are polymers,
lipids, peptides, inorganic particles, and hybrid systems (Zu
and Gao, 2021). However, non-viral carriers have limitations
with respect to the ability to penetrate nuclear membranes,
transfection efficiency, and protein expression after transfection.
Therefore, development of specific, stable, efficient and safe non-
viral vectors is a key imperative. Recently, Pfizer-BioNTech used
the BNT162b2 COVID-19 vaccine successfully using mRNA-
based lipid nanoparticles which showed 95% effectiveness

in preventing COVID-19 (Polack et al., 2020). With the
development of material science, especially nanobiotechnology,
the delivery of nanoparticles containing tissue-specific miRNA
antagomir can target neuron-glial cell communication.

The epigenetic mechanism of ncRNAs and m6A
modifications in neuropathic pain needs to be further
investigated. This would help to achieve the goal of personalized
medical treatment, and provide a theoretical basis for
the optimization of clinical therapy and the exploration
of new therapies.
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Memory impairment remains a leading disability in survivors of global

cerebral ischemia, occurring secondary to delayed neurodegeneration of

hippocampal cornu ammonis-1 (CA1) neurons. MicroRNA-200c (miR-200c)

is induced following ischemic stress and we have previously demonstrated

that pre-treatment with anti-miR-200c is protective against embolic stroke

in mice. In the present study we assessed the role of miR-200c on CA1

neurodegeneration, sirtuin-1 (SIRT1), and mitochondrial dynamic protein

expression in a mouse model of transient global cerebral ischemia and

in vitro in primary mouse astrocyte cultures after simulated ischemia. Mice

were subjected to 10 min bilateral common carotid artery occlusion plus

hypotension with 5% isoflurane. After 2 h recovery mice were treated

with intravenous injection of either anti-miR-200c or mismatch control.

Memory function was assessed by Barnes maze at post-injury days 3 and 7.

Mice were sacrificed at post-injury day 7 for assessment of brain cell-type

specific expression of miR-200c, SIRT1, and the mitochondrial fusion proteins

mitofusin-2 (MFN2) and OPA1 via complexed fluorescent in situ hybridization

and fluorescent immunohistochemistry. Global cerebral ischemia induced

significant loss of CA1 neurons, impaired memory performance and decreased

expression of CA1 SIRT1, MFN2, and OPA1. Post-injury treatment with

anti-miR-200c significantly improved survival, prevented CA1 neuronal loss,

improved post-injury performance in Barnes maze, and was associated with

increased post-injury expression of CA1 SIRT1 and MFN2 in astrocytes. In vitro,

primary mouse astrocyte cultures pre-treated with miR-200c inhibitor prior

to oxygen/glucose deprivation preserved expression of SIRT1 and MFN2, and

decreased reactive oxygen species generation, whereas pre-treatment with

miR-200c mimic had opposite effects that could be reversed by co-treatment
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with SIRT1 activator. These results suggest that miR-200c regulates astrocyte

mitochondrial homeostasis via targeting SIRT1, and that CA1 astrocyte

mitochondria and SIRT1 represent potential post-injury therapeutic targets to

preserve cognitive function in survivors of global cerebral ischemia.
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glia, stroke, mitochondrial dynamics, SIRT1, MFN2

Introduction

The hippocampal cornu ammonis-1 (CA1) subregion is
central to learning and memory but is selectively vulnerable to
ischemic injury. The clinical impact of select CA1 vulnerability
to even transient decreases in cerebral blood flow is most
commonly represented in survivors of cardiac arrest: while
resuscitation rates approach 30% for the over 500,000 cases of
adult cardiac arrest in the US per year, over 90% of survivors
suffer cognitive impairment (Benjamin et al., 2019) secondary
to delayed neuronal loss in CA1. Despite promising pre-clinical
trials focused on the delayed nature of CA1 death, no post-
injury pharmaceutical interventions are available, and the only
effective intervention to prevent CA1 neuronal loss remains
application of whole-body hypothermia. To date, the molecular
and cellular mechanisms regulating delayed CA1 neuronal
loss remain a knowledge gap. We and others have provided
increasing evidence supporting a role for microRNAs (miRs)
in the brain’s acute and extended response to cerebral ischemia
(Ouyang et al., 2013a; Stary and Giffard, 2015; Li and Stary,
2016). MiRs are a well-characterized class of noncoding RNAs
that regulate the translation of transcribed genes that can act in
a regional and cell-type specific manner.

Astrocytes are the most numerous cell type in the
mammalian brain, and support neurons during development,
under normal physiologic conditions and after injury
(Verkhratsky and Nedergaard, 2018). Astrocytes regulate
synaptic glutamate levels, secrete neurotrophic factors,
maintain ionic balance, and stabilize neuronal energy balance,
all underscored by properly functioning astrocytic mitochondria
(Pfrieger, 2009; Heneka et al., 2010). Neurons sustain a high rate
of oxidative metabolism while astrocytes preferentially utilize
glycolytic pathways, although both cell types contain equivalent
numbers of mitochondria (Belanger et al., 2011). Astrocytes also
serve to mitigate the downstream effects of pro-inflammatory
cytokines on generation of reactive oxygen species (ROS) and
secrete soluble factors to indirectly modulate resident neuronal
mitochondrial function. Mitochondria are central to normal
physiologic brain function and in repair of the injured brain by
maintaining phosphorylation potential (ATP) to support energy
requirements for a host of biological processes. Mitochondria
are well-known targets of ischemic injury and prior work using

has demonstrated efficacy in neuroprotection against stroke
when astrocyte mitochondria are protected (Xu et al., 2010).
A detailed determination of the mechanisms that regulate
cell-type specific mitochondrial dysfunction in neurons and
astrocytes has been a central barrier impeding novel stroke
therapies. Mitochondrial homeostasis is maintained by an
interdependent balance between mitochondrial dynamics
(fission and fusion), ROS and metabolic energy state (Dorn and
Kitsis, 2015; Zhou et al., 2021). Mitochondria maintain a steady
state of continuous fusion/fission maintaining the normal
physiological function (Dorn and Kitsis, 2015). An imbalance
in mitochondrial dynamics can affect energy metabolism and
post-stroke neuronal function by regulating the function of
mitochondria. Prior work identifies hippocampal subregional
and cell-type-dependent states of mitochondrial impairment,
underscoring a previously unexploited therapeutic niche. All
hippocampal mitochondria are disrupted 2 h after transient
global cerebral ischemia but astrocytes exhibit rapid restoration
by 24 h (Kumar et al., 2016). Conversely CA1 neuronal
mitochondrial function remains selectively disrupted for an
extended period of days (Shiino et al., 1998; Kumar et al.,
2016) in contrast to neurons in the nearby ischemia-resistant
dentate gyrus (DG). The molecular mechanisms regulating this
hippocampal subregional- and cell-type specific mitochondrial
response are entirely unknown.

MicroRNA-200c (miR-200c) is known to target the
mitochondrial regulatory protein sirtuin-1 (SIRT1), which
plays a central role in maintaining mitochondrial bioenergetics,
fission/fusion balance, and ROS production. We have recently
reported that miR-200c selectively increases in astrocytes
relative to neurons after cerebral ischemia (Arvola et al., 2021)
and demonstrated that miR-200c inhibition protected neurons
from experimental stroke (Stary et al., 2015), however, whether
miR-200c plays a role in delayed CA1 neuronal cell death
after global cerebral ischemia is unknown. Therefore, in the
present study we assessed whether post-injury treatment with
anti-miR-200c reduced CA1 neurodegeneration in a mouse
model of global cerebral ischemia. In parallel we assessed the
role of miR-200c in cell-type specific post-injury changes in
CA1 SIRT1 and mitochondrial fusion proteins in vivo and in
primary mouse astrocyte cell cultures.
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Materials and methods

In vivo global cerebral ischemia

All experimental protocols using animals were performed
according to protocols approved by the Stanford University
Animal Care and Use Committee and in accordance with
the National Institutes of Health Guide for the Care and
Use of Laboratory Animals. Global cerebral ischemia was
induced in 8–10 week-old male C57BL/6J mice (Charles River
Laboratories, Wilmington, VA, USA) via bilateral carotid artery
occlusion (two-vessel occlusion, 2VO) + isoflurane (Onken
et al., 2012; Kristian and Hu, 2013; Owens et al., 2015).
Briefly, after anesthesia induction with 2.5% isoflurane and
surgical incisions were complete, hypotension (mean arterial
pressure, <40 mmHg) was induced with 5% isoflurane during
continuous femoral arterial blood pressure monitoring (TA100
transducer, Moor Instruments, Wilmington, DE, USA). After
2 min of 5% isoflurane the common carotid arteries were
clamped bilaterally. After 6 mins of simultaneous 5% isoflurane
and bilateral common carotid artery clamping the isoflurane
was reduced to 2.5%. Rectal temperature (37 ± 0.5◦C) was
controlled by a homeothermic blanket (Harvard Apparatus,
Cambridge, MA, USA). Respiratory rate, heart rate, and pulse
oximetry were monitored with a small animal oximeter (STARR
Life Sciences, Oakmount, PA, USA). Cerebral perfusion pressure
was continuously monitored via laser doppler (Model VMS-
LDF1, Moor Instruments). After 10 min clamps were removed
and isoflurane was decreased to 1% maintenance until closure
of surgical incisions. Core body temperature was maintained
during recovery at 37◦C with a heating pad post-surgery to
eliminate any neuroprotective effects of hypothermia. Mice were
then randomized by coin flip and 2 h after global cerebral
ischemia mice were re-anesthetized with 2% isoflurane and
either anti-miR-200c inhibitor (Anti-miRTM miRNA Inhibitor,
#AM17000, ThermoFisher Scientific, Waltham, MA, USA) or
mismatch control (MM-control, ThermoFisher Scientific) in
sterile saline (100 µl) was administered into the internal jugular
vein as previously described (Xu et al., 2015).

Barnes maze

Memory testing in mice was performed as we have
previously reported (Griffiths et al., 2019b). Mice were placed
in the center of a circle platform with 20 equally spaced holes
and visual clues; one of the holes was connected to a safe
chamber (SD Instruments, San Diego, CA, USA). Aversive noise
(85 dB) in conjunction with bright light (200 W) was shed on
the platform to encourage the mouse to find the safe target. All
mice were trained for 4 consecutive days with 3 min per trial,
4 trials per day. Their reference memory was tested on day 3
(short-term retention) and day 7 (long-term retention). Each
mouse had only one trial on each of these two test days. The

latency to find the target box during each trial was recorded
and analyzed in real time by TopScanTM software (CleverSyS,
Reston, VA, USA).

In vivo histological assessment

Animals were sacrificed at 7 days after injury by
isoflurane overdose, and brains immediately perfused with
transcardial ice-cold saline, then fixed with 4% phosphate-
buffered paraformaldehyde (PFA) for stereological analysis.
Coronal vibratome sections (50 µm) were used for combined
immunohistochemical (IHC) analysis and fluorescent in situ
hybridization (FISH) for miR-200c using miRCURY LNA
miR Detection Probes (ThermoFisher Scientific) as we have
previously done (Arvola et al., 2019). All fixed sections were
stained for miR-200c, the astrocyte marker glial fibrillary acidic
protein (GFAP, #ab90601, Abcam, Boston, MA, USA, 1:500
dilution), the mature neuronal marker NeuN (#ab104224,
Abcam, 1:500 dilution), SIRT1 (# ab189494, Abcam, 1:500
dilution) and the mitochondrial fusion markers MFN2 (#
bs2988R, BiossUSA, Woburn, MA, USA, 1:500 dilution) and
OPA1 (#ab42364, Abcam, 1:500 dilution). The CA1 and DG
regions were identified anatomically with DAPI and demarcated
according to Newton et al. (2005) and as we have previously
done (Stary et al., 2016; Griffiths et al., 2019a,b). Images were
acquired by an observer blinded to conditions using an upright
Zeiss Axio-Imager M2 fluorescent microscope equipped with
Apotome 2.0 for optical sectioning, and Zeiss EC-Plan Neofluar
20×, Zeiss Plan Apochromat 40×, and Zeiss LC-Plan Neofluar
63× objectives. Qualitative protein expression with GFAP+
co-localized was performed using the “masking” function in
ImageJ v1.49b software (NIH, Bethesda, MD, USA). In brief,
Z-stack images were first independently analyzed in the GFAP
channel, and then masked to generate GFAP+ regions of interest
(ROIs). Next, GFAP+ ROIs were superimposed on the channel
of interest, and then fluorescence intensities were measured
and collated, for all sections. All imaging for a given protein
were collected using a fixed excitation intensity, exposure time,
and gain, to minimize variability. No post-imaging processing
was performed. An observer blinded to conditions quantified
from maximum projection Z-stack images the cell-type specific
relative intensity of miR-200c fluorescence and the relative
fluorescent intensity of NeuN, mitofusin-2 (MFN2), OPA1, and
SIRT1 proteins using StereoInvestigatorTM (MicroBrightField,
Williston, VT, USA) software and ImageJ v1.49b software (NIH,
Bethesda, MD, USA) as we have previously done (Arvola et al.,
2019, 2021; Griffiths et al., 2019a).

Primary brain cell cultures

Primary astrocyte cultures were prepared from postnatal
(days 1–3) Swiss Webster mice (Charles River Laboratories,
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Wilmington, MA, USA) as described previously (Li et al.,
2021). Isolated astrocytes were seeded on 24-well plates
in plating medium consisting of Eagle’s Minimal Essential
Medium (Gibco, Grand Island, NY, USA) supplemented
with 10% fetal bovine serum and 10% equine serum
(HyClone, Logan, UT, USA), 21 mM (final concentration)
glucose, and 10 ng/ml epidermal growth factor. Cultures
were maintained at 37◦C in a 5% CO2 incubator. Primary
astrocyte cultures were transfected with 50 nmol negative
control (mirVana

R©

#4464061, ThermoFisher Scientific), miR-
200c mimic (mirVana

R©

#4464066, ThermoFisher Scientific),
or inhibitor (mirVana

R©

#4464084, ThermoFisher Scientific)
using Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s protocol on day in vitro (DIV) 16. In some
experiments cultures were co-treated with the SIRT1 activator
YK 3-237 (10 µM, Tocris #5667). In parallel experiments
astrocytes were selectively cultured from CA1 and DG as
previously described (Stary et al., 2016). Briefly, the left and
right hippocampi were identified morphologically and by
anatomical location, and dissected free in their entirety,
while maintaining the anatomical orientation. The dorsal
region of the hippocampus containing primarily CA1 was
dissected free of the remainder of the hippocampus. The
ventral hippocampus (containing DG) was further dissected
with removal of the CA3 region. CA1 and DG hippocampal
regions from individual animals were pooled, treated with
0.05% trypsin/EDTA (Life Technologies, Carlsbad, CA, USA),
and plated in Dulbecco’s modified Eagle medium (Gibco, Grand
Island, NY, USA) with 10% equine serum (ES, HyClone), 10%
fetal bovine serum (FBS, HyClone) and 10 ng/ml epidermal
growth factor (Sigma Chemicals, St Louis, MO, USA). In
some experiments primary neuronal cultures were utilized,
prepared as previously described (Newton et al., 2005) from
embryonic (E16-E18) mouse cortices. Briefly, the dissected
cortices were dissociated with 0.05% trypsin/EDTA for 15 min
at 37◦C, triturated, then plated in medium containing 5% FBS
and 5% ES (HyClone). A relatively pure neuronal culture was
obtained by adding cytosine arabinoside (3 mol/L, Sigma) 24 h
after plating to curb glial proliferation. For all experiments
3–4 independent cultures were tested as replicates within each
experiment.

In vitro injury and fluorescent imaging

In vitro ischemia was induced by oxygen-glucose
deprivation (OGD) as previously described (Ouyang et al.,
2011). Briefly, 24 h following transfection primary astrocyte
cultures were washed three times with glucose-free culture
medium equilibrated with 100% N2 in an anoxia chamber
maintained at <350 ppm (<0.02%) O2 (COY Laboratory
Product Inc.). After 3 h OGD the medium was reoxygenated
and glucose was added at 5.5 mM. For oxidative stress

assays, glucose deprivation alone was selected as an ischemia-
like stress for astrocyte cultures, as it reliably induces an
extended period of mitochondrial dysfunction with increased
ROS production prior to cell death, as we have employed
previously (Stary et al., 2016). Cells were maintained at
37◦C and 5% CO2 in an atmospherically controlled chamber
(Ibidi GmbH, Martinsried, Germany) for imaging of live-
cell ROS generation after 30 min incubation with 5 µM
CellROXTM Green (ThermoFisher Scientific, Waltham, MA,
USA). Automated fluorescent image capture was performed
at 200× using a LumascopeTM 720 (Etaluma, Carlsbad, CA,
USA) as we have previously performed (Xia et al., 2018). For
each well five replicate images were obtained and averaged.
Mean intensity of fluorescence was quantified by an observer
blinded to conditions ImageJ v1.49b software (NIH). Unbiased
changes in fluorescence were normalized to MM-control
transfection treatment. For assessment of astrocyte SIRT1 and
MFN2, fluorescence immunocytochemistry was performed
on astrocyte cell cultures in 24-well plates as described
previously (Ouyang et al., 2013b). Cultures were fixed in 4%
paraformaldehyde for 30 min at room temperature. Nonspecific
binding was blocked with 5% normal goat serum and 0.3%
Triton X-100 in PBS for 1 h. Cells were incubated with
mouse monoclonal primary antibody to SIRT1 (# ab189494,
Abcam, 1:100 dilution) or MFN2 (# bs2988R, BiossUSA,
1:100 dilution) overnight at 4◦C. Cells were then washed and
incubated with Alexa Fluor 488 nm-conjugated secondary
antibody (1:500; Invitrogen, Grand Island, NY, USA) for
1 h. Cells were counterstained with the nuclear dye DAPI
(4′,6′-diamidino-2-phenylindole, 0.5 µg/ml; Sigma-Aldrich,
St Louis, MO, USA) and automated fluorescent image
capture was performed at 200× using a LumascopeTM 720
(Etaluma, Carlsbad, CA, USA). For each well nine replicate
images were obtained and averaged. Unbiased mean intensity
of fluorescence was quantified by an observer blinded to
treatment groups using ImageJ v1.49b software (NIH) and
normalized to cell count (DAPI). Differences in fluorescence
intensity between treatment groups were compared by
normalizing to miR-200c mimic wash treatment for each
condition.

Reverse transcription quantitative
polymerase chain reaction

Total RNA was isolated with TRIzol R© (ThermoFisher
Scientific, Waltham, MA, USA) from CA1 tissue 24 h after
injury and from astrocyte culture 3 h after wash control or
OGD injury. Reverse transcription was performed as previously
described (Stary et al., 2015) using the TaqMan MicroRNA
Reverse Transcription Kit (Applied Biosystems, Foster City, CA,
USA). Predesigned primer/probes for PCR were obtained from
ThermoFisher Scientific for mmu-miR-200c–3p (#4426961) and
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FIGURE 1

Mouse global cerebral ischemia model. Invasive blood pressure monitoring (A) and laser doppler cerebral blood flow measurement (B) during
bilateral carotid artery occlusion (2 vessel, 2VO) plus 5% isoflurane-induced hypotension. (C) Representative image of fluorescent
immunohistochemical (IHC) labeling for neurons (NeuN, green) in mouse hippocampus 7 days after global cerebral ischemia. Note post-injury
reductions in NeuN+ cells in cornu ammonis-1 (CA1) sub-region (boxed). (D,E) Representative images of CA1 labeled for the astrocyte marker
glial fibrillary acidic protein (GFAP, red) complexed with fluorescent in situ hybridization for miR-200c (green) expression. Note augmented
miR-200c expression in astrocytes 7 days after global cerebral ischemia (E).

U6 small nuclear RNA (U6, #01973). PCR reactions were
conducted as previously described (Stary et al., 2015) using the
TaqMan

R©

Assay Kit (Applied Biosystems). Measurements for
miR-200c were normalized to U6 (1Ct) and comparisons were
calculated as the inverse log of the 11CT from controls (Livak
and Schmittgen, 2001).

Immunoblots
Total protein from primary astrocyte cultures was

isolated as previously described (Stary et al., 2017). Briefly,
cultures were first washed with cold 0.1% phosphate buffered
saline, then total cellular protein was quantified by Pierce
BCA protein assay kit [ThermoFisher Scientific (Stary
et al., 2017)]. Equal amounts of protein were loaded and
separated on 10–12.5% polyacrylamide gels, then transferred
to Immobilon polyvinylidene fluoride membranes (EMD
Millipore Corp). Membranes were blocked with 5% skimmed
dry milk and incubated overnight with primary antibody
against SIRT1 (Abcam, #ab110304), MFN2 (Abcam,
#ab124773), β-actin (LI-COR Bioscience #926–42,210)
and/or β-tubulin (Abcam, #ab6046). Membranes were
then washed and incubated with secondary antibodies (LI-
COR Bioscience) for 1 h followed by washing again and
visualizing by using the LICOR Odyssey infrared imaging

system. Densitometric analysis of bands was performed via
Image Studio Lite (LI-COR Biosciences), and the intensity
of all proteins was normalized to β-actin or β-tubulin as a
control.

Statistical analyses

Numbers of animals are indicated in figure legends. Data
reported are means ± SE. Statistical difference was determined
using t-test for comparison of two groups or ANOVA followed
by Bonferroni correction for experiments with N > 2 groups
using Sigmaplot (Systat Software, San Jose, CA, USA). p < 0.05
was considered significant.

Results

Anti-microRNA-200c treatment
improves physiologic outcomes after
global cerebral ischemia

A period of 10 min of 2VO and 5% isoflurane reliably
resulted in hypotension (Figure 1A), cerebral hypoperfusion
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FIGURE 2

Effect of 2 h post-injury intravenous anti-miR-200c or MM-control treatment on sirtuin-1 (SIRT1) expression 7 days after global cerebral
ischemia in mice. (A) Representative images of fluorescent IHC labeling for neurons (NeuN, green) in mouse hippocampus 7 days after global
cerebral ischemia with and without post-injury anti-miR-200c treatment. (B) Quantification of post-injury CA1 NeuN fluorescence with and
without IV anti-miR-200c post-treatment. (C) Escape latency during pre-injury Barnes maze training. (D) Escape latency at post-injury days 3
and 7 in mice with and without IV anti-miR-200c post-treatment. (N = 5–8 animals per treatment group, mean ± SEM, *p < 0.05). Scale bar,
1 mm.

(Figure 1B) and in loss of CA1 neurons (Figure 1C). This
injury paradigm also resulted in a significant (p < 0.05)
increase by 9.8 + 4.5-fold in miR-200c expression in CA1,
with visual evidence of post-injury augmentation of miR-
200c expression in CA1 astrocytes via histological assessment
(Figures 1D,E). Post-injury treatment with intravenous anti-
miR-200c 2 h after global cerebral ischemia resulted in a
significant (p < 0.05) reduction in post-injury CA1 miR-
200c expression by 36.4 + 22% relative to animals treated with
mismatch control sequence (MM-control), reduced post-injury
weight loss by time-of-sacrifice (10.7 + 2 versus 19.2 + 6%)
and improved overall survival (100 versus 72.5%). Anti-
miR-200c treatment also significantly (p < 0.05) reduced
loss of CA1 neurons at post-injury day 7 (Figures 2A,B).
Conversely no differences were observed between treatments
in the adjacent ischemia-resistant DG. Pre-injury Barnes maze
training demonstrated progressive adaptive decreases in escape
latency (Figure 2C). While global cerebral ischemia increased
escape latency, post-injury IV treatment with anti-miR-200c
significantly (p < 0.05) decreased escape latency at both post-
injury days 3 and 7 (Figure 2D).

Anti-microRNA-200c treatment
increases global hippocampal
mitochondrial dynamic protein
expression after injury in a cell-type
specific manner

Next, we assessed hippocampal sub-regional expression of
the mitochondrial fission proteins MFN2 and OPA1 in the
CA1 and DG. Relative to DG, MFN2 expression significantly
(p < 0.05) decreased in CA1 after global cerebral ischemia
in mice treated with post-injury MM-control (Figures 3A,B).
In contrast, mice treated with post-injury anti-miR-200c
demonstrated significantly (p < 0.05) preserved CA1 MFN2
expression (Figures 3A,B). In parallel relative to DG, OPA1
expression significantly (p < 0.05) decreased in CA1 after
global cerebral ischemia in mice treated with post-injury MM-
control (Figures 3A,C), while mice treated with anti-miR-200c
demonstrated significantly (p < 0.05) preserved CA1 OPA1
expression (Figures 3A,C). Cell-type specific analysis revealed
that post-injury astrocyte-specific expression of MFN2 was
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FIGURE 3

Mitofusin-2 (MFN2) and OPA1 expression in CA1 after global cerebral ischemia in mice. (A) Representative images of fluorescent IHC labeling of
hippocampal NeuN (red) and MFN2 or OPA1 expression (green) 7 days after global cerebral ischemia with and without IV anti-miR-200c
post-treatment. Quantification of MFN2 (B) and OPA1 (C) in all cells within CA1. N = 5–8 animals per treatment group, mean + SEM, *p < 0.05.
Scale bar, 25 µm.

FIGURE 4

Astrocyte-specific CA1 MFN2 and OPA1 expression after global cerebral ischemia in mice. (A) Representative images of fluorescent IHC labeling
of hippocampal GFAP (red) and MFN2 or OPA1 expression (green) 7 days after global cerebral ischemia with and without IV anti-miR-200c
post-treatment. Quantification of co-labeled GFAP/mitofusin-2 (MFN2, B) and GFAP/OPA1 fluorescence (C) in CA1. N = 5–8 animals per
treatment group, mean + SEM, *p < 0.05. Scale bar, 25 µm.
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FIGURE 5

Astrocyte-specific CA1 SIRT1 expression after global cerebral ischemia in mice. Low power (200×, A) and high power (600×, B) representative
images of fluorescent IHC labeling of hippocampal GFAP (red) and SIRT1 expression (green) 7 days after global cerebral ischemia with and
without IV anti-miR-200c post-treatment. Quantification of co-labeled GFAP/SIRT1 (C) in CA1. N = 5–8 animals per treatment group,
mean + SEM, *p < 0.05. Scale bar, 25 µm.

significantly (p < 0.05) higher in mice treated with anti-miR-
200c relative to MM-control treated mice (Figures 4A,B).
Conversely no differences were observed in astrocyte-specific
OPA1 expression between treatment groups, suggesting the
global CA1 decrease in OPA1 occurred in alternative cell
types (Figures 4A,C). Cell-type specific analysis of SIRT1
expression revealed significantly (p < 0.05) augmented post-
injury expression isolated to CA1 astrocytes (Figures 5A–C).

MicroRNA-200c modulates astrocyte
oxidative stress via sirtuin-1

In vivo we assessed miR-200c expression after 3 h
OGD injury in primary hippocampal astrocyte cultures
from CA1 and DG (Figure 6A), and in primary cortical
astrocyte and primary cortical neuron cell cultures
(Figure 6B). We observed a significant (p < 0.05)
increase in miR-200c expression in both CA1 and primary
cortical astrocyte cultures, but not in DG astrocyte
or neuronal cultures (Figures 6A,B). To assess the
role of miR-200c in oxidative stress, primary astrocyte
cultures were pre-treated with either miR-200c mimic,
mimic + 5 the SIRT1 activator YK 3-237 inhibitor 24 h
prior to 24 h of glucose deprivation. Transfection by
mimic significantly (p < 0.05) increased (157 + 22%)
and inhibitor decreased (18 + 4%) miR-200c expression.

Relative to MM-control sequence, miR-200c mimic
significantly (p < 0.05) exacerbated ROS generation, an
effect that was significantly attenuated by co-treatment
with SIRT1 activator, while treatment with miR-200c
inhibitor provided a comparable significant antioxidant
effect (Figures 6C,D).

MicroRNA-200c modulates astrocyte
mitofusin-2 expression via sirtuin-1

Primary astrocyte cultures were assessed for post-
injury expression of SIRT1 and MFN2 with miR-200c
mimic or inhibitor pre-treatment. Relative to miR-200c
mimic, treatment with miR-200c inhibitor significantly
increased SIRT1 expression in the absence of injury
(Figures 7A,B). Twenty-four hours after 3 h OGD, SIRT1
expression was significantly (p < 0.05) decreased in both
treatment groups relative to wash control, however, post-
injury SIRT1 expression was significantly (p < 0.05)
higher in miR-200c inhibitor-treated cells versus post-
injury miR-200c mimic-treated cells (Figures 7A,B). In
parallel OGD induced a significant (p < 0.05) reduction
in MFN2 post-injury expression in primary cortical
astrocyte cultures 24 h after 3 h OGD (Figures 8A,B).
Similar to SIRT1, miR-200c inhibitor resulted in
significantly preserved post-injury MFN2 expression

Frontiers in Molecular Neuroscience 08 frontiersin.org

178

https://doi.org/10.3389/fnmol.2022.1014751
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/


fnmol-15-1014751 November 16, 2022 Time: 10:50 # 9

Griffiths et al. 10.3389/fnmol.2022.1014751

FIGURE 6

Post-injury miR-200c expression and SIRT1 activation and reactive oxygen species (ROS) production in astrocyte cultures. (A) Quantification of
miR-200c expression after 3 h combined oxygen glucose deprivation (OGD) injury in primary hippocampal CA1 and DG astrocyte cultures.
(B) Quantification of miR-200c expression after 3 h OGD in primary cortical astrocyte and neuronal cultures. (C) Quantification of ROS
production in primary astrocytes pre-treated with MM-control, miR-200c mimic, miR-200c mimic + SIRT1 activator YK 3-237, or miR-200c
inhibitor 24 h after 3 h OGD injury. (D) Representative live-cell images of astrocyte ROS production via CellROSTM Green fluorescence. N = 3
independent cultures, mean + SEM, *p < 0.05 versus within treatment wash control and #p < 0.05 versus mimic injury. Scale bar, 25 µ m.

in miR-200c inhibitor-treated cells, and in cells co-
treated with miR-200c mimic and SIRT1 activator,
relative to cells pre-treated with miR-200c mimic alone
(Figures 8A,B).

Discussion

Hippocampal CA1 circuits are central for memory
formation (De Jong et al., 1999; Liu et al., 2005; Farkas
et al., 2006; Bartsch et al., 2011; Lana et al., 2020). Clinical
case studies of memory impairment in survivors of cardiac
arrest have demonstrated that select loss of hippocampal
CA1 neurons is the reason for their cognitive impairment
(Zola-Morgan et al., 1986; Petito et al., 1987; Ng et al.,
1989). This phenomenon has been repeatedly recapitulated
in experimental rodent models of global cerebral ischemia
(Kadar et al., 1998; Kristian and Hu, 2013), allowing for a stable
platform for testing of therapeutic interventions to prevent
CA1 neuronal loss and preserve CA1-dependent behavior.
Cardiac arrest and resuscitation represent the largest clinical
etiology of clinical transient global cerebral ischemia, with
treatment options currently limited to mild hypothermia in

survivors who have sustained severe neurological deficits. In
the present study we observed neuroprotection in delayed CA1
neuronal cell death and reduced impairment in memory tasks
with post-injury intravenous anti-miR-200c treatment after
experimental global cerebral ischemia, demonstrating clinical
efficacy for neuroprotection with a novel pharmaceutical
approach within a clinically relevant 2 h post-injury treatment
window.

MicroRNAs are central regulators of mitochondrial
function, redox state, and apoptotic pathways (Ouyang et al.,
2013a; Stary and Giffard, 2015). MiR-200c is highly enriched
in the brain and is strongly induced by oxidative stress
(Magenta et al., 2011; Stary et al., 2015; Arvola et al., 2021),
augmenting ROS production in a positive feedback loop to
dysregulate mitochondrial function (Carlomosti et al., 2017).
We have previously demonstrated that pre-treatment with
anti-miR-200c was protective in experimental stroke (Stary
et al., 2015). Our observations in the present study indicate
that post-injury anti-miR-200c therapy coincided with robust
CA1 expression of MFN2. Metabolic energy state is closely
associated with the balance between mitochondrial fusion
and fission (Zhou et al., 2021), and mitochondria maintain
a steady state of continuous fusion/fission maintaining the
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FIGURE 7

Effect of miR-200c on pre- and post-injury astrocyte SIRT1 in astrocyte cultures. Quantification (A) and representative images (B) of SIRT1
fluorescence 24 h after 3 h combined oxygen glucose deprivation injury in primary cortical astrocyte cultures with miR-200c mimic or
miR-200c inhibitor pre-treatment. N = 3 independent cultures, mean + SEM, *p < 0.05 versus mimic wash control and #p < 0.05 versus wash
within treatment. Scale bar, 15 µm.

FIGURE 8

Effect of miR-200c and SIRT1 activation on pre- and post-injury astrocyte MFN2 expression in astrocyte cultures. Quantification (A) and
representative images (B) of MFN2 fluorescence 24 h after 3 h combined oxygen glucose deprivation injury in primary cortical astrocyte cultures
with miR-200c mimic, miR-200c mimic + SIRT1 activator YK 3-237, or miR-200c inhibitor pre-treatment. N = 3 independent cultures,
mean + SEM, *p < 0.05 versus within treatment wash control and #p < 0.05 versus mimic injury. Scale bar, 15 µm.
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normal physiological function of cells (Dorn and Kitsis,
2015). Imbalance in mitochondrial dynamics can affect
energy metabolism and post-stroke neuronal function
by regulating the number, morphology, and function of
mitochondria. Ischemia disrupts the dynamic balance
of fusion and fission in part by inhibiting expression of
fusion proteins MFN2 and OPA1 and recent studies in
experimental stroke suggests that inhibition of mitochondrial
fission and promotion of fusion is protective (Zhou et al.,
2021).

Our observations from the present study indicate that
augmented expression of CA1 MFN2 was localized to CA1
astrocytes, and in vitro, an early (3 h) increase in miR-
200c in response to simulated ischemia was limited to
CA1 and cortical astrocyte cultures. As specialized glia,
astrocytes represent the most plentiful cell type in the
mammalian brain, serving many housekeeping functions
(Verkhratsky and Nedergaard, 2018) and indispensable for
neurotransmitter homeostasis and maintenance and maturation
of synapses (Pfrieger, 2009; Heneka et al., 2010). Neurons
and astrocytes are functionally tightly coupled in the brain.
Neurons consume 75–80% of total brain energy (Hyder
et al., 2013) to support restoration of neuronal membrane
potentials, for neurotransmitter synthesis, vesicle packaging,
axoplasmic transport, and neurotransmitter release (Attwell
and Laughlin, 2001; Rangaraju et al., 2014; Pathak et al.,
2015). In astrocytes, energy stores are localized mainly
as glycogen to buffer transient energy requirements from
neurons (Kong et al., 2002) that do not store energy.
Normal brain activity depends on metabolic plasticity of
astrocytes and requires not only glucose supply from blood
but also glycogen stored in astrocytes that can last beyond
when glucose is depleted (Brown and Ransom, 2007). In
response to inflammation or oxidative stress, astrocytes
also upregulate glycolysis-producing ATP and lactate, which
support energy metabolism to neurons (Voloboueva et al.,
2008). Prior work has reported that selective dysfunction
of hippocampal CA1 astrocytes occurs at early reperfusion
times, long before CA1 neurons die (Ouyang et al., 2007)
and that increased generation of ROS and mitochondrial
dysfunction in CA1 astrocytes contribute to delayed death of
CA1 neurons (Ouyang et al., 2007). Astrocytes in CA1 show
early mitochondrial impairment and increased vulnerability to
ischemia even when isolated in primary culture, compared
to similarly isolated DG astrocytes. The results from the
present study suggest that augmented CA1 astrocyte MFN2 may
play a role in mitigating post-injury astrocyte mitochondrial
destabilization, thereby leading to secondary CA1 neuronal
protection.

Activation of SIRT1 has also been shown to be a
promising therapeutic target for protective strategies for
stroke (Zhu et al., 2010; Miao et al., 2016; Zhang et al., 2018).

Oxidative stress induces regulatory changes in several SIRT1-
associated genes, including those involved in metabolism,
apoptosis, ion transport, cell motility, and G-protein signaling
(Oberdoerffer et al., 2008). SIRT1 maintains bioenergetic
balance by activating (PCG1-α) (Nogueiras et al., 2012),
a transcriptional co-activator of respiratory genes and
a regulator of mitochondrial biogenesis (Nemoto et al.,
2005), and activates the transcription factor p53 which
decreases ROS (Tan et al., 1999; Hussain et al., 2004; Sablina
et al., 2005). SIRT1 can also exert intercellular control of
mitochondrial function via glial cell line-derived neurotropic
factor (GDNF) expression (Corpas et al., 2017), which
functions to remotely maintain neuronal mitochondrial
function (Mitroshina et al., 2019), and via p53, which is
transported in extracellular exosomes (Pavlakis et al., 2020).
SIRT1 is targeted by miR-200c: in brain microvascular
endothelial cells miR-200c inhibition provided protection
against in vitro ischemia via SIRT1 (Wang et al., 2019). In
the present study SIRT1 activation was sufficient to mitigate
the augmentation of ROS production with miR-200c mimic
with ischemic injury in astrocytes, supporting a mechanistic
role for miR-200c/SIRT1 in the present conditions. Prior
studies have demonstrated SIRT1 preserves mitochondria
after ischemia by selectively interacting with MFN2 (Biel
et al., 2016). Our observations in the present study indicate
that SIRT1 levels were augmented in CA1 astrocytes in
mice and in primary astrocyte cultures with anti-miR-200c
treatment, consistent with our observations identifying
augmented MFN2 expression in astrocytes with post-injury
anti-miR-200c treatment. Similar to oxidative stress, activation
of SIRT1 in astrocytes was sufficient to reverse decreases
in MFN2 after ischemic injury associated with miR-200c
mimic, supporting a role for SIRT1 in mediating miR-200c
regulation of astrocyte mitochondrial dynamics. Future
studies should extend the mechanistic intercellular miR-
200c/SIRT1/MFN2 signaling to the context of intercellular
signaling between astrocytes and neurons, and as well extend
preclinical testing of anti-miR-200c and SIRT1 activation as a
post-injury therapy to include the biological variables of sex
and age.
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As the basic pathological changes of diabetic retinopathy (DR), the destruction 

of the blood-retina barrier (BRB) and vascular leakage have attracted extensive 

attention. Without timely intervention, BRB damage will eventually lead 

to serious visual impairment. However, due to the delicate structure and 

complex function of the BRB, the mechanism underlying damage to the BRB 

in DR has not been fully clarified. Here, we used single-cell RNA sequencing 

(RNA-seq) technology to analyze 35,910 cells from the retina of healthy and 

streptozotocin (STZ)-induced diabetic rats, focusing on the degeneration of 

the main cells constituting the rat BRB in DR and the new definition of two 

subpopulations of Müller cells at the cell level, Ctxn3+Müller and Ctxn3−Müller 

cells. We  analyzed the characteristics and significant differences between 

the two groups of Müller cells and emphasized the importance of the 

Ctxn3+Müller subgroup in diseases. In endothelial cells, we  found possible 

mechanisms of self-protection and adhesion and recruitment to pericytes. 

In addition, we constructed a communication network between endothelial 

cells, pericytes, and Müller subsets and clarified the complex regulatory 

relationship between cells. In summary, we constructed an atlas of the iBRB 

in the early stage of DR and elucidate the degeneration of its constituent cells 

and Müller cells and the regulatory relationship between them, providing a 

series of potential targets for the early treatment of DR.
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Introduction

Due to the continuous increase in the global prevalence of 
diabetes, diabetic retinopathy (DR) is still the main cause of vision 
loss in many developed countries (Antonetti et al., 2021). Among 
246 million patients with diabetes, approximately one-third have 
signs of diabetic retinopathy (Teo et al., 2021). The pathogenesis 
of DR is very complex and has not yet been fully elucidated, and 
its basic pathological changes are the destruction of the blood-
retina barrier (BRB) and the formation of retinal 
neovascularization (Klaassen et al., 2013).

The BRB is composed of the inner BRB (iBRB) and the outer 
BRB (oBRB), which regulate the movement of liquids and 
molecules between the ocular vascular bed and retinal tissue and 
prevent macromolecules and other potentially harmful substances 
from penetrating the retina (Guymer et al., 2004). The iBRB is 
established by the tight junction between endothelial cells (Fresta 
et al., 2020), which is located on the basal layer covered by Müller 
cells, while pericytes are wrapped in the basal layer and in close 
contact with endothelial cells. Therefore, damage to the iBRB is 
considered to be one of the main causes of retinal vascular diseases 
and has also attracted increasing research and attention. Previous 
studies have shown that retinal Müller cells play a key role in 
maintaining the structure and characteristics of the iBRB by 
relying on their own structural characteristics and strong secretion 
(Abbott et  al., 2006). Pericytes not only provide mechanical 
support but also form a barrier between microvessels and tissue 
spaces with endothelial cells, interact with endothelial cells 
through physical contact and paracrine signals, and regulate the 
permeability of the BRB barrier, retinal blood flow, and stress 
response, which are important factors to maintain the stability of 
the internal environment (Fresta et al., 2020). Most of the current 
studies focus on the middle and late stages of DR, but more and 
more evidence supports that the inflammatory response of the 
retina in the early stage precedes microvascular disease. In the 
mouse model, the increase of inflammatory mediators such as 
MIP-1, IL-1, and IL-3 precedes the formation of new blood 
vessels, and is considered to be the cause of retinal nerve cell death 
in early diabetes. Studies on some DR animal models have 
confirmed that inhibiting or knocking out proinflammatory 
molecules can inhibit diabetes-induced retinal vascular and 
neurodegenerative diseases. Due to the large number of cells 
involved in the inflammatory response and the complex regulatory 
mechanism between cells, the mechanism of iBRB injury in the 
early stage of DR is not completely clear, and its exploration is still 
a major challenge.

To solve the above problems, researchers have used single-cell 
RNA sequencing (scRNA-seq) technology. We used five rat retinal 
samples (2 normal SD rats, 1 DR sample at 2 weeks, 4 weeks, and 
8 weeks each), constructed a single-cell map of a total of 35,910 
transcripts, and explored the cellular mechanism of iBRB injury 
in the early stage of DR. Single-cell sequencing can better reveal 
the structure of the iBRB and the interaction between iBRB cells 
through high-resolution detection of each cell in the retina.

We explored the characteristics of pericytes, endothelial cells 
and two Müller cell subtypes, and constructed a regulatory 
network among them in the early stage of DR. Our research once 
again emphasizes the important role of the iBRB and provides a 
new target for protecting the iBRB and inhibiting the further 
development of DR, which has far-reaching clinical significance 
and social value.

Results

An atlas of cell types in the inner blood–
retinal barrier

To simulate early DR, we used streptozotocin (STZ) to 
induce type 2 diabetes in rats. We stripped the retinas of 5 rats 
(2 normal rats and 3 treated with STZ for 2, 4, and 8 weeks) 
and isolated and diluted these samples for single-cell 
transcriptome sequencing (Figure 1A). After quality control, 
35,910 high-quality cells were retained: 11,073 cells from 
normal samples and 24,837 cells from diabetic rats 
(Supplementary Figure S1A). We  performed unbiased 
clustering on cells with similar gene expression profiles and 
found 34 clusters. A red blood cell type defined as having a 
very small number of cells was removed, so we  finally 
obtained 33 cell subtypes. We  used uniform manifold 
approximation and projection (UMAP) dimensional 
reduction to visualize all cell subtypes. According to a 
previously reported list of genes expressed in retinal cell types 
(Supplementary Table S1), we divided 33 clusters into 10 cell 
types, including a blood-derived macrophage type and a 
retinal resident cell type. Resident cells included neuronal 
cells (rod cells, cone cells, horizontal cells, amacrine  
cells, and bipolar cells), glial cells (Müller cells and microglia 
cells), endothelial cells, and pericytes (Figure  1B; 
Supplementary Figures S1B–D).

Based on CellChat analysis, we found that endothelial cells, 
pericytes, and Müller cells have more complex connections and 
communication modes than other cells (Figure 1C). These cells 
are involved in the composition and regulation of the blood–
retinal barrier. In addition, we  counted the differentially 
expressed genes (DEGs) of various retinal cells in normal rats 
and diabetic rats and found that the main cells that make up the 
iBRB—Müller cells, endothelial cells, and pericytes—changed 
significantly in the early stage of DR (Figure  1D). Gene 
Ontology (GO) enrichment analysis showed that all three cell 
types were related to the formation and proliferation of blood 
vessels, hypoxia, and cell adhesion, pericytes were also related 
to vasoconstriction, and Müller cells were also related to the 
formation and development of neurons (Figure 1E). Therefore, 
we  next focused on the cellular and molecular mechanisms 
involved in the iBRB microvascular regulatory network, and 
we  also newly defined the marker gene of these cells 
(Supplementary Table S2).
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FIGURE 1

An atlas of cell types in the inner blood–retinal barrier. (A) Experimental design overview. Cell suspensions were collected from the experimental 
group (2 weeks, 4 weeks, 8 weeks) and the control group and subjected to 10x library preparation and sequencing, followed by downstream 
analyses. (B) tSNE plot showing different cell types. Cells assigned to the same cluster are similarly colored. AC, amacrine cell; HC, horizontal cell; 
EC, endothelial cell; MG, microglial cell; BC, bipolar cell. (C) The heatmap shows the communication relationships between cells. The source is 
the sender of the signal, the target is the receiver, and more asterisks indicate stronger communication. Strong communication is shown in red, 
and weak communication is shown in blue. Prob represents the strength of intercellular communication. (D) The feature plot shows the number 
of DEGs in different cells under DR and normal conditions. The three cells with the largest numbers were pericytes, Müller cells, and endothelial 
cells. (E) The histogram shows the GO enrichment results of pericytes, Müller cells, and endothelial cells, with length representing count and color 
representing -log10 (p-value).
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The characteristics of the two subtypes 
of Müller cells

Müller glial cells are the most important glial cells in the rat 
retina. They can provide energy and a variety of neurotrophic 
factors for nerve cells, participate in the transport of 
neurotransmitters and ions, and play an important role in 
maintaining the morphological structure of the BRB, protecting 
the integrity of neurons, and maintaining the homeostasis of the 
retinal environment. In the early stage of DR, Müller cell injury 
can lead to the destruction of retinal homeostasis. According to 
the previous markers (Apoe, Glul, and Clu), we  identified two 
groups of Müller cells and named the two groups of cells 
Ctxn3+Müller and Ctxn3−Müller (Figures 2A,B), according to the 
expression of the Ctxn3 gene. We  use immunofluorescence 
experiment to explore the existence of two subpopulations, but 
more experiments need to be further implemented due to the 
ambiguity of the results (Figure 2C; Supplementary Figure S2A).

By analyzing the differentially expressed genes of the two 
groups of Müller cells (Figure 2D), we identified γ-aminobutyric 
acid (GABA) transporters, as well as the ability to remove excess 
glutamate through glutamate transporters on the cell membrane 
and intracellular glutamine synthetase to avoid cytotoxicity 
caused by glutamate accumulation(Coughlin et al., 2017). The 
ingested GABA is then acted on by GABA aminotransferase on 
mitochondria, and Ctxn3−Müller cells showed lower levels of this 
transporter than Ctxn3+Müller cells. We also found that both 
types of Müller cells express glutathione transferases (GSTs) and 
aquaporins (AQP4). GSTs protect retinal neurons from oxidative 
damage. AQP4 is involved in the drainage process of the 
neuroretina and avoids retinal tissue edema. Interestingly, 
glutathione transferase and AQP4 are more highly expressed in 
Ctxn3+Müller cells. In addition, the overexpression of matrix 
metalloproteinase (MMP-14) and inhibitor of DNA binding/
differentiation (ID) were observed in Ctxn3+Müller cells. The 
former participates in the degradation of collagen in the 
extracellular matrix, which has an important protective effect on 
the fibrosis of retinal tissue after ischemia and hypoxia. Moreover, 
MMP-14 and Id proteins were related to neocapillaries. In terms 
of inflammation, Ctxn3+Müller cells specifically overexpressed 
the vascular adhesion molecule VCAM1, which may suggest its 
possible role in the pathogenesis of diabetic microangiopathy. 
Furthermore, Müller cells can release inflammatory factors such 
as interleukin 33 (Il33), suggesting that Ctxn3+Müller cells can 
participate in the inflammatory response in the retina. 
Interestingly, however, many genes related to photosensitivity, 
such as Pde6b and Cngb1, were observed to be highly expressed 
in some Ctxn3−Müller cells. Combined with previous studies, 
Müller cells may exist as a special type of optical fiber while 
researchers have found that Müller cells also have an inseparable 
relationship with photoreceptor differentiation. However, our 
data cannot avoid the possibility of photoreceptor containment 
and whether Ctxn3−Müller cells have these effects here is our 
further research content (Reichenbach and Bringmann, 2013).

To further explore the role of Ctxn3+Müller cells in disease, 
we  conducted SCENIC analysis (Figure  2E). Two types of 
transcription factors are mainly upregulated in Ctxn3+Müller cells: 
(1) AP-1 family members, such as Jun, Fos, and Jund; and (2) SOX 
family members, such as Sox2 and Sox9. We showed the expression 
of target genes downstream of important transcription factors with 
UMAP plots (Figures 2F,G; Supplementary Figure S2B). Through 
the network diagram, we found that the AP-1 family can regulate the 
changes in Id protein (Figure 2H). Id1-4 have been observed to 
be upregulated in Ctxn3+Müller cells. Id1 and Id3 were closely related 
to angiogenesis in previous studies and are loops in the amplification 
loop of vascular endothelial growth factor (Vegf) and transforming 
growth factor Tgf-β (Song et al., 2011; Georgiadou et al., 2014; Young 
et al., 2015). Similarly, elevated levels of Egr1, a gene downstream of 
Fos and Jun, have been shown to mediate retinal vascular 
dysfunction in diabetic rats (Ao et al., 2019). The above findings 
suggest that Ctxn3+Müller cells actively participate in the occurrence 
and development of the disease. Sox proteins are a class of 
transcription factors found in animals. These molecules belong to 
the DNA binding proteins of the high mobility group (HMG) 
superfamily. We observed that Sox2 and Sox9 jointly regulate many 
genes related to Müller cell structure and function, such as retinol-
binding protein 1 (Rlbp1), receptor Gpr37, and integrated membrane 
protein. Many studies have shown that Notch signaling is an 
important regulator of developmental and postdevelopmental 
processes. Notch2 and the Notch downstream genes Hes1 and Sox9, 
which are abundant in mature retina, are important factors for 
retinal Müller cells to maintain structural stability and development 
and survival (Muto et al., 2009; Bhatia et al., 2011; Zhu et al., 2013; 
Bachleda et al., 2016). Notably, Sox2 can also regulate the release of 
Il33, which further proves that Ctxn3+Müller is involved in retinal 
inflammation. In conclusion, we believe that Ctxn3+Müller cells, as 
an important component of Müller cells in the iBRB regulatory 
network, play a major role by expressing angiogenic factors and 
coordinating angiogenesis-related transcription factors. We found 
potential targets that may regulate and affect the participation of 
Ctxn3+Müller cells in destruction of vascular function, angiogenesis, 
and the inflammatory response. We also explored important factors 
that maintain the stability of cell structure and function, providing 
new ideas for the treatment of diseases.

Characteristics and interrelationship of 
endothelial cells and pericytes

Cluster 8 was defined as the endothelial cell population 
because of the high expression of claudin-5 (Cldn5) and 
occludin (Ocln). Claudin-5 is the main structural determinant 
of the paracellular endothelial barrier, which can promote the 
closure of tight junctions, thereby reducing vascular 
permeability and enhancing endothelial barrier function. 
Occludin is also a transmembrane component of tight 
junctions between the endothelium, which can regulate the 
permeability of the BRB. Platelet-derived growth factor 
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FIGURE 2

The characteristics of the two subtypes of Müller cells. (A) Three-dimensional UMAP plot of Ctxn3+Müller and Ctxn3−Müller cells. The different 
colors correspond to different cell types. (B) Box diagram showing the expression of the marker genes, which distinguishes the two groups of 
Müller cells. (C) Immunofluorescence labeling for Gsta1 (red) and Ctxn3 (green) and DAPI nuclear staining (blue) in the rat retina. Ctxn3+Müller are 
indicated by arrowheads, and Ctxn3−Müller are indicated by asterisk (40×, scale bar 20 μm). (D) The bubble plot shows the expression of important 
cytokines in Ctxn3+Müller and Ctxn3−Müller cells. The bubble size represents pct.exp., and the color represents avg.exp.scaled. (E) Heatmap 
showing the activity of important TFs in Ctxn3+Müller and Ctxn3−Müller cells according to AUCell. (F) UMAP plot showing two subclusters of 
Müller cells. (G) UMAP showing the expression of target genes of Fos. The color from dark to light represents increased expression. (H) The 
network diagram shows the important TFs in Ctxn3+Müller cells and their downstream target gene associations. TFs are shown in green, and the 
color of the target gene represents Target_avg_exp; the size of the circle represents Target_pct_exp, and the line thickness represents importance. 
TF with avg. exp. > 6 among the top 10 avg. exp. * pct.exp. values was selected as the research object. We selected the top 20 genes by the Target_
avg_exp*importance value among the target genes with importance >5 for each TF.
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receptor beta (pdgfrβ), which plays essential roles in the 
development of vascular mural cells, including pericytes and 
vascular smooth muscle cells, was highly expressed in clusters 
20 and 27. Therefore, we  defined these two cell groups as 
pericytes, named Pericyte_A and Pericyte_B, respectively 
(Figure 3A).

By analyzing the characteristics of vascular endothelial cells, 
we found a series of important factors that may be new targets for 
future disease treatment (Figure 3B; Supplementary Figure S3A). 
In addition to the characteristic markers of endothelial cells and 
Vegf receptors, we observed that in DR, the expression of the 
mitogen-activated protein kinase ERK and its downstream AP-1 
family, NF-κB, and other factors in endothelial cells was high. 
NF-κB further promoted the expression of Gadd45g, which is 
related to cell growth and the apoptosis-related genes Ctsd and 
Pmaip1, and regulated the survival of endothelial cells. In addition, 
endothelial cells highly express the Wnt receptor Fzd4 and the 
transcription factor lymphoid enhancer Lef1. The typical Wnt/β-
catenin signaling pathway has been reported to be one of the key 
systems that coordinates endothelial cell behavior and regulates 
angiogenesis(De, 2011), and Lef1 is mainly involved in this 
signaling pathway. Activation of the classical pathway further 
promotes the transcription of AP-1 family genes, such as Jun, 
downstream and regulates cell function. There are many factors 
that affect endothelial injury and promote angiogenesis. In 
addition to the important role of Vegf and angiotensin, more 
studies have shown that early growth factor 1 (Egr1) is the main 
mediator in response to Vegf stimulation (Mechtcheriakova et al., 
1999). In our data, Vegf promotes an increase in Egr1 content, 
which may affect the proliferation and differentiation of 
endothelial cells and promote angiogenesis and injury. Moreover, 
we found that von Willebrand factor (VWF) is highly expressed 
in endothelial cells and is an important factor that aggravates 
vascular endothelial cell damage and promotes the development 
of retinopathy (Lip et  al., 2000). In addition, endothelial cells 
specifically overexpress connective tissue growth factor CTGF 
(Ccn2), which is related to the pathogenesis of microvascular 
complications in diabetes (Tikellis et al., 2004). More studies have 
shown that hyperglycemia increases the expression of CTGF in rat 
and human retinas, accompanied by an increase in Vegf (Hughes 
et al., 2007) and Tgf-β (Tikellis et al., 2004) expression, suggesting 
that CTGF may be an important target for the treatment of DR. In 
conclusion, through the analysis of specific factors in endothelial 
cells, we revealed its role in disease, providing new targets for 
slowing down the damage to the iBRB.

Interestingly, in the early stage, endothelial cells seem to have 
protective mechanisms to reduce their own damage. We found 
that the Notch pathway is significantly activated, and studies have 
shown that the Vegf and Notch signaling pathways are involved in 
the process of inducing and selecting tip cells. Inhibiting the 
Notch pathway can cause the proliferation of vascular endothelial 
cells and promote the formation of neovascular branches 
(Hellstrom et al., 2007). The increase in the content of the Dll4 
gene downstream of Vegf can inhibit the formation of new 

branches and neovascularization of blood vessels through the 
Notch pathway. Furthermore, endothelial cells increase the 
contents of bone morphogenetic protein receptor (Bmpr2) and 
nuclear factor erythrocyte-related factor 2 (Nfe2l2). The lack of 
the former is a factor leading to severe endothelial inflammation 
(Simic, 2013), while Nfe2l2 can induce the expression of the 
glutathione transferase GST gene (Suzuki and Yamamoto, 2015), 
which can protect cells from damage by active substances. 
Therefore, we suspect that endothelial cells may play a role in self-
protection in the early stage of disease through the above 
mechanisms. In addition, the tyrosine kinase receptor Tie2, which 
plays a central role in vascular stability, is mainly located on 
vascular endothelial cells, and it can be activated by angiopoietin 
1 (Angpt1) secreted by Pericyte_A. Activated Tie2 can enhance 
the survival, adhesion, and integrity of endothelial cells to stabilize 
blood vessels (Campochiaro and Peters, 2016).

As one of the main cellular components of retinal microvessels, 
pericytes are closely related to endothelial cells. KEGG analysis 
showed that Pericyte_A and Pericyte_B showed enhanced 
vascular smooth muscle contraction, cGMP-PKG, cAMP, and 
other signaling pathways, which are closely related to the 
characteristics of pericytes such as regulation of the blood flow of 
local microvessels through contraction (Figure 3C). In addition, 
both groups of pericytes have increased tight junctions and other 
signaling pathways, which are closely related to the location and 
morphology of pericytes. Pericytes are in close contact with 
capillary endothelial cells, connecting and adhering to each other. 
Tight junctions formed by Jamb (Jam2)-Jamc (Jam3) and integrins 
highly expressed on the surface of pericytes play an important role 
in maintaining the iBRB and mediating the adhesion of 
endothelial cells and pericytes.

Next, we compared the two groups of pericytes (Figure 3D; 
Supplementary Figure S3B). Interestingly, we  found that in 
addition to Pdgfa, Pericyte_ B also expressed Pgf and Ntf3. Pgf 
was found to negatively regulate endothelial cell barrier function 
through Vegfr1. Pgf and its receptor Vegfr1 may be  new 
therapeutic targets for angiogenic diseases in human retinal 
endothelial cells in a high glucose environment. The neurotrophic 
factor Ntf3 can promote the development and survival of retinal 
neurons. In contrast, Pericyte_A secretes angiopoietin 2 (Angpt2). 
In ischemic diseases such as DR, the upregulation of Angpt2 
inactivates Tie2, leading to vascular leakage, pericyte loss, and 
inflammation. The coexpression of Angpt2 and Vegfa will 
accelerate neovascularization in developing retina and ischemic 
retina models (Campochiaro and Peters, 2016). Both groups of 
cells express insulin-like growth factor (Igf1), and the 
overexpression of Igf1 may lead to the accumulation of Vegf. These 
changes increase the permeability of blood vessels and are related 
to the loss of vascular tight junction integrity (Chantelau et al., 
2008). In terms of receptor expression, both groups of pericytes 
express endothelin receptor (ETA), reflecting the contractile 
characteristics of pericytes themselves. In addition, Pericyte_A 
showed significantly upregulated Pdgfrb and advanced glycation 
end product-specific receptor (Ager), indicating that it may have 
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a stronger ability to migrate to and recruit endothelial cells and 
may be more susceptible to the effects of high glucose(Zhang 
et al., 2020).

Gene set variation analysis (GSVA) showed that Pericyte_A 
had increased ECM receptor interactions and other pathways, 
while vascular smooth muscle contraction and actin cytoskeleton 
regulation and other pathways were significantly enriched in 
Pericyte_B (Figure  3E). Combined with the GSVA and the 

expression characteristics of factors and receptors secreted by the 
two groups of peripheral cells, we found that they play different 
roles in iBRB regulation: Pericyte_A seems to be more vulnerable 
to a hyperglycemic environment and may be more vulnerable to 
damage and loss, while Pericyte_B is more similar to vascular 
smooth muscle cells and has a stronger ability to mediate 
peripheral cell contraction and regulate retinal blood flow; it also 
secretes a variety of factors to regulate other cells in the iBRB.

A

B

D
E

C

FIGURE 3

Characteristics and interrelationship of endothelial cells and pericytes. (A) UMAP diagram of EC, Pericyte_A, and Pericyte_B. The feature plot 
shows the expression of marker genes in each of the three cells. (B) The heatmap shows the expression of important cytokines in the three groups 
of cells. High expression is in red, and low expression is in blue. (C) The histogram shows the KEGG enrichment results of Pericyte_A and 
Pericyte_B, and the length represents -log10 (p.adjust). (D) The scatter plot shows the difference in gene expression between the two groups of 
cells. The red one is the upregulated gene of Pericyte_A relative to Pericyte_B. Genes with abs (avg_logFC) ≥ log2 (1.55) and p_val_adj ≤0.01 are 
labeled. (E) The two-way histogram shows the GSVA enrichment results of Pericyte_A compared with Pericyte_B, and both length and color 
represent the t value. T value is the statistical value of the t test, which is used to infer the size of p value.
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Communication network between the 
Müller and iBRB

To reveal the mechanism underlying the damage to the iBRB 
in early DR, we  deeply studied the complex communication 
among Müller cells, endothelial cells, and pericytes. Using 
CellChat analysis, we found that Müller plays a potential role in 
the regulation of iBRB through secreting factors (Figure  4A). 
We  found that both groups of Müller cells can secrete VEGF, 
which can increase vascular permeability and promote the 
migration and proliferation of vascular endothelial cells and the 
formation of neovascularization. Vegfr1 (Flt1) and Vegfr2 (Kdr) 
receptors are simultaneously expressed on endothelial cells, and 
Vegf mainly exerts its effect by binding to Vegfr2. Notably, Müller 
cells themselves also express Vegfr. We  speculate that Vegf 
produced by Müller cells can also act on themselves, but the effect 
is not clear. However, studies have shown that the Vegf/Vegfr2 
signaling pathway is most likely to affect the biological synthesis, 
secretion, or degradation of brain-derived neurotrophic factor 
(BDNF) and glial cell-derived neurotrophic factor (GDNF) in 
Müller cells (Le et al., 2021), promote the survival of Müller cells 
and have neuroprotective effects. In addition, two groups of 
Müller cells may act on the receptor Igf2r on Pericyte_B by 
secreting insulin-like growth factor 2 (Igf2) to regulate its 
proliferation, differentiation, and survival (Figures 4B,C). Tgf-β is 
released by Müller cells. It can participate in endothelial cell 
proliferation, apoptosis, diffusion, and vascular endothelial 
formation, but its specific role in DR deserves further study.

In DR, abnormal metabolic and pathological conditions, such 
as oxidative stress and inflammation, can destroy the 
communication between pericytes and endothelial cells, resulting 
in the destruction of the BRB. Angiopoietin-like protein 4 
(Angptl4) is secreted by endothelial cells and not only acts on 
Müller cells and pericytes but also affects itself (Figure  4D). 
Previous studies have confirmed that Angptl4 can regulate the 
integrity of EC-EC connections, promote an increase in vascular 
permeability and have a synergistic effect with Vegf (Sodhi et al., 
2019). Endothelial cells have a certain regulatory effect on Müller 
cells and pericytes through Angptl4-Cdh11/Sdc4/Sdc2, but their 
specific function is worthy of further study (Figure  4E). In 
addition, we  explored some potential methods of pericyte 
recruitment. Endothelial cells can secrete the protein product 
Gas6 encoded by growth arrest-specific gene 6, which is an 
important factor promoting angiogenesis. Gas6 has a selective 
high affinity for its receptor Axl. Endothelial cells may promote 
the recruitment and adhesion of pericytes by binding Gas6 to the 
receptor Axl on pericytes (Lei et al., 2016). Similarly, we found that 
Pdgfrβ, the receptor of Pdgfβ, was also expressed in the two 
groups of pericytes. When Pdgfβ secreted by endothelial cells 
binds to pericyte-specific receptors, it will have the same effect as 
Gas6. Pdgfβ secreted by endothelial cells binds to the specific 
receptor Pdgfr of two groups of pericytes, resulting in pericyte 
recruitment and adhesion to endothelial cells. Interestingly, 
endothelial cells and Pericyte_B also specifically secrete the 

chemokines Cxcl12 and Pdgfa, respectively, and act on the 
corresponding receptors of Pericyte_B and endothelial cells, and 
whether they have the above recruitment function needs 
further study.

Discussion

The iBRB is an important structure that ensures the 
homeostasis of the retina and plays an important role in the 
pathogenesis of various retinal diseases. It is important to further 
study and explore the related mechanisms of the steady state and 
destruction of the blood–retinal barrier to promote the treatment 
of diabetic retinopathy. Due to the heterogeneity of the retina and 
the loss of cell type specificity, high-resolution methods such as 
scRNA-seq with bulk RNA-Seq approaches have inestimable value 
for the study of the destruction mechanism of the iBRB in 
DR. Using scRNA-seq, we  identified two different Müller cell 
subsets and constructed a communication network among 
endothelial cells, pericytes, and Müller cells in the iBRB.

Müller cells are important cells for maintaining the normal 
structure and function of the iBRB, especially in cell 
communication. We defined two new Müller cell subpopulations, 
Ctxn3+ Müller and Ctxn3− Müller, according to the expression of 
the Ctxn3 gene. However, our immunofluorescence experiment 
results are somewhat ambiguous, and since our results are based 
on the scRNA-seq, they may just reflect a series of Müller cell 
phenotypes, so more accurate experiments are needed to verify 
the correctness of clustering. Our work is consistent with the 
previous observation that Müller cells participate in the formation 
and regulation of nerves and blood vessels by secreting cytokines 
to maintain BRB integrity. Interestingly, there were significant 
functional differences between the two groups of Müller cells. Our 
analysis data showed that Ctxn3+Müller cells specifically 
overexpressed many genes related to metabolic waste clearance of 
the BRB, such as aquaporin AQP4 and GABA transporter. 
However, Ctxn3− Müller cells showed upregulation of many genes 
related to photosensitivity, such as Pde6b and Cngb1. In addition, 
compared with Ctxn3− Müller cells, Ctxn3+ Müller cells 
upregulated the regulation of differentiation inhibitors (Id1-4) and 
transcription factors Hes1 and Sox9, suggesting that they may 
have potential roles in promoting endothelial injury and 
angiogenesis. The above research shows that there is a special 
Müller cell subpopulation, Ctxn3+ Müller, which may have 
important significance in maintaining iBRB and early retinal 
vascular leakage. It is urgent to reduce the damage of retinal 
Müller cells to iBRB and thus hinder the progress of DR. Therefore, 
further research is needed to determine the more specific 
mechanism of Ctxn3+ Müller cells in the early stage of DR.

We also investigated the function of endothelial cells in the 
inner blood–retinal barrier in early DR. This study explored the 
protective mechanism of endothelial cells and proposed a series 
of potential early therapeutic targets for DR. The results showed 
that Dll4, Bmpr2, and Nrf2 were highly expressed in endothelial 
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cells. Inhibition of the Dll4-Notch1 pathway promotes excessive 
sprouts and endothelial proliferation in the retina (Zhu et  al., 
2022), and the high expression of Bmpr2 is also conducive to 
regulating excessive angiogenesis. In an experimental model of 
Bmpr2 knockout, vascular endothelial cell proliferation was 
observed (Theilmann et al., 2020). Nrf2 can activate the expression 
of many antioxidant enzymes, and ROS produced by NADPH 

oxidase can also activate Nrf2. Its function in preventing 
atherosclerosis has been confirmed (Alonso-Pineiro et al., 2021). 
Since ROS are significantly increased in the early stage of DR, 
we  speculate that Nrf2 is also involved in endothelial self-
protection during DR. Tie2, which plays an important role in 
vascular stability, is highly expressed in endothelial cells. Previous 
studies have shown that activated Tie2 increases endothelial cell 
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FIGURE 4

Communication network between Müller cells and the iBRB. (A) Comparison of the significant ligand–receptor pairs. The color indicates the value 
of communication probability, and the point size indicates the p-value. Ligands and signal senders are marked in red, while receptors and receivers 
of signals are marked in blue. (B) VEGF and IGF signaling pathway networks among Müller cells, ECs, and pericytes. The thickness of the line 
represents the strength of the communication signal. (C) Violin diagram shows the expression of genes of ligand–receptor pairs in the VEGF and 
IGF signaling pathway network. (D) The heatmap shows the sender, receiver, mediator, and influencer of each signaling pathway network. The 
color represents the strength of the communication signal. (E) Violin diagram showing the expression of genes of ligand–receptor pairs in the 
ANGPTL, GAS, PDGF, and CXCL signaling pathway networks.
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survival and cell connectivity integrity (Campochiaro and Peters, 
2016), thereby stabilizing the vascular system.

After we  studied the changes in various cells in DR, our 
CellChat analysis of the main cells of the iBRB identified the 
communication and connection modes between them through 
direct and indirect mechanisms, thus generating important insights 
into the regulatory mechanism of the iBRB. The cellular 
communication network is a weighted digraph consisting of 
significant ligand–receptor pairs between interacting cell groups, 
showing the number of ligand–receptor interactions detected 
between different cell groups. The same cell group can send or 
receive signals. CellChat uses network analysis to infer the strength 
of different cell groups as senders and receivers of signals during 
cell communication. Cell grouping is a prerequisite for using 
CellChat. Before cell communication analysis, cell clustering needs 
to be carried out carefully to capture cell groups with biological 
significance. CellChat can quantify the similarity between all 
significant signal pathways and group them according to the 
similarity of their cell communication networks. In particular, 
we observed that the Notch pathway plays an important role in 
their communication. Previous studies have shown that Jag1 and 
Dll4 are secondary to increased hyperglycemia, activate the 
normative and non-normative Notch1 pathways, and destroy the 
endothelial adhesion connection in the retina in diabetes (Miloudi 
et  al., 2019), which is consistent with our findings. Moreover, 
inhibiting the proliferation of Müller cells by targeting Notch 
ligands inhibits the overexpression of ECM proteins (Fan et al., 
2020) and prevents proliferative diabetes retinopathy and retinal 
fibrosis. These new findings suggest that the Notch pathway plays 
an important role in the destruction of the iBRB in the early stage 
of DR through intercellular communication. We found that in the 
communication network of the iBRB, Müller cells and endothelial 
cells are primarily responsible for secreting signal proteins, while 
pericytes receive secretory factors. Our data suggest that Müller 
cells regulate the survival of pericytes by secreting Igf2. Moreover, 
Vegf secreted by Müller cells not only regulates the proliferation of 
endothelial cells but also acts on Vegfr expressed by itself. Studies 
have shown that the Vegf/Vegfr2 signaling pathway promotes the 
survival of Müller cells and has neuroprotective effects (Xu et al., 
2019). We  found that endothelial cells connect with pericytes 
through Wnt5b-Fzd4 and affect cell migration and inflammation 
in angiogenesis through the ncWNT signaling pathway (Zhang 
et al., 2018; Carvalho et al., 2019), which may be an important 
target for DR treatment. These newly discovered intercellular 
communications are crucial to deciphering the regulatory 
mechanism of the iBRB in the early stage of DR.

In conclusion, we used scRNA-seq to investigate the role and 
connection of cells in the formation of the iBRB in the early stage 
of DR, emphasizing the importance of the new Müller subgroup 
Ctxn3+ Müller in the mechanism of injury and disease. In 
addition, our study proposes a global view of new therapeutic 
targets and cell functions of DR, cell communication, and its 
relationship in early DR. These data provide new insights into the 
stability of the iBRB and the mechanism of early destruction in 

DR. However, our experiment does have the problem of fewer 
samples, and more experiments and data need to be used to study 
and prove these findings.

Materials and methods

Ethics statement

All animals were housed in a pathogen-free environment and 
had free access to food. The animal care and use agreement was 
approved by the Science and Technology Commission of Shanghai 
Municipality and complies with all applicable institutional and 
government regulations on the ethical use of animals.

Animals

The SD rats were fed with high sugar and high fat diet for 
4 weeks, and were fasted but watered after 12 h, and administered 
40 mg/kg streptozotocin (STZ, 10 g/l, Sigma company, 
United States) diluted with sterile fresh citrate buffer (0.1 mM, pH 
4.3–4.5) to establish the diabetic rat model via one-time 
intraperitoneal injection. If the tail vein blood glucose was higher 
than 16.7 mmol/l on the third and seventh days after injection, the 
type 2 diabetes model was successful. If the standard was not met, 
repeat the injection once. Those who failed to meet the standard 
twice were excluded. At the same time, the control group used 
sodium citrate instead of STZ for intraperitoneal injection.

Tissue processing and cell purification

Animals believed to have diabetes were maintained on a high 
sugar diet, and tail vein blood samples were regularly collected and 
measured to assess blood glucose levels. The control group was fed 
with D12450B 10 kcal% feed, and the experimental group was fed 
with D12492 60 kcal% feed. The imported feed is produced by 
American Research Diets. The rats in the experimental group 
(2 weeks, 4 weeks, 8 weeks) and the control group were anesthetized 
by intraperitoneal injection and fixed in the supine position. First, the 
eyeball was removed, and then, the corneoscleral margin was cut. The 
eyeball was radially incised, the anterior segment and vitreous were 
removed, and the iris structure was slowly separated from the intact 
retina and placed in a protective solution.

The tissues were transported in sterile culture dishes with 
10 ml of 1x Dulbecco’s phosphate-buffered saline (DPBS; Thermo 
Fisher, Cat. No. 14190144) on ice. The residual tissue storage 
solution was removed, and the tissues were then minced on ice. 
We used 0.25% trypsin (dissociation enzyme; Thermo Fisher, Cat. 
No. 25200–072) and 10 μg/ml DNase I  (Sigma, Cat. no. 
11284932001) dissolved in PBS with 5% fetal bovine serum (FBS; 
Thermo Fisher, Cat. No. SV30087.02) to digest the tissues. The 
tissues were dissociated at 37°C with a shaking speed of 50 RPM 
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for approximately 40 min. We repeatedly collected the dissociated 
cells at intervals of 20 min to increase cell yield and viability. The 
cell suspensions were filtered using a 40 μm nylon cell strainer, and 
red blood cells were removed by 1X Red Blood Cell Lysis Solution 
(Thermo Fisher, Cat. No. 00–4,333-57). The dissociated cells were 
washed with 1x DPBS containing 2% FBS. The cells were stained 
with 0.4% Trypan Blue (Thermo Fisher, Cat. No. 14190144), and 
viability was assessed on a Countess® II Automated Cell Counter 
(Thermo Fisher).

Preparation and sequencing of the 10x 
library

Beads with unique molecular identifiers (UMIs) and cell 
barcodes were loaded close to saturation so that each cell was paired 
with a bead in gel beads-in-emulsion (GEMs). After exposure to cell 
lysis buffer, polyadenylated RNA molecules hybridized to the beads. 
The beads were retrieved into a single tube for reverse transcription. 
In cDNA synthesis, each cDNA molecule was tagged on the 5′ end 
(that is, the 3′ end of the messenger RNA transcript) with the UMI 
and a cell label indicating its cell of origin. Briefly, 10× beads were 
subjected to second-strand cDNA synthesis, adaptor ligation, and 
universal amplification. Sequencing libraries were prepared using 
randomly interrupted whole-transcriptome amplification products 
to enrich the 3′ ends of the transcripts linked with the cell barcodes 
and UMIs. All the remaining procedures, including library 
construction, were performed according to the standard 
manufacturer’s protocol (CG000206 Rev. D). The sequencing libraries 
were quantified using a High Sensitivity DNA Chip (Agilent) on a 
Bioanalyzer 2,100 and with a Qubit High Sensitivity DNA Assay 
(Thermo Fisher Scientific). The libraries were sequenced on a 
NovaSeq6000 instrument (Illumina) in 2 × 150 bp mode.

scRNA-seq analysis

The Read10X() function in the Seurat package (3.2.2) was 
used to merge the data from all samples into R (4.0.2) and generate 
an aggregated Seurat object (Butler et al., 2018; Stuart et al., 2019). 
Low-quality cells (<350 genes/cell, >3,000 genes/cell, <3 cells/
gene, >20% mitochondrial genes, and > 20% ribosomal genes) 
were excluded. Finally, 35,910 single cells were further studied: 
11073 normal tissue-derived cells and 24,837 diabetes tissue-
derived cells. For identification of cell clusters, the highly variable 
gene list was first analyzed by principal component analysis. 
Jackstraw analysis was used to identify important PCs, and the 
first 20 PCs were used in this process. We used the FindClusters() 
function to perform clustering (resolution 1.0). We used two data 
dimensionality reduction algorithms (2D UMAP and tSNE;  
Becht et al., 2018; Kobak and Berens, 2019) for visualization. For 
standardized gene expression data, we used the FndAllMarkers 
function to list the markers of each cell cluster. Compared with 
other cells, the expression of these marker genes was upregulated 

by at least 1.3 times. The main cell types were determined 
according to the markers described in the literature. A cluster 
identified as red blood cells (cluster 32, cell number 52) was 
removed, and 10 cell types were finally obtained.

Gene enrichment analysis

The FindMarkers function was used to identify DEGs between 
two clusters (adjusted p value <0.01 and fold change [FC] >1.3). 
The R package clusterProfiler (Yu et al., 2012) was used to perform 
GO (Gene Ontology C, 2015) and Kyoto Encyclopedia of Genes 
and Genomes (KEGG; Kanehisa et al., 2016) pathway enrichment 
for the DEGs.

Based on the gene set data for Rattus norvegicus in the msigdbr 
package (selections: C2 for category and CP: KEGG for subcategory; 
Liberzon et al., 2015), we performed GSVA to analyze the enriched 
gene sets between different cell subtypes. GSVA mainly converts the 
expression matrix of genes among different strains into the expression 
matrix of gene sets among samples to evaluate whether different 
pathways are enriched among different strains. Basic gene set 
enrichment uses genes in a predefined gene set to evaluate the 
distribution trend in the gene table sorted by phenotype correlation, 
so as to judge its contribution to phenotype. Subsequently, the limma 
package was used to determine the gene sets with significant 
differences (Ritchie et al., 2015). Differentially enriched signatures 
were defined as having FDR adjusted p values <0.05 and |mean score 
difference| values ≥0.1.

Cell–cell interaction analysis

To visualize and analyze intercellular communications from 
scRNA-seq data, we  conducted CellChat analysis (Jin et  al., 
2021). We create a new CellChat object from our Seurat object. 
The cell types were added to the CellChat object as cell 
metadata. CellChat identified differentially overexpressed 
ligands and receptors for each cell group and associated each 
interaction with a probability value to quantify communications 
between the two cell groups mediated by these signaling genes. 
Significant interactions were identified on the basis of a 
statistical test that randomly permuted the group labels of cells 
and then recalculated the interaction probability.

Immunostaining

Rats were deeply anesthetized with ketamine and xylazine and 
then sacrificed by cervical dislocation. The eyes were immediately 
removed, the corneas were incised, and each eye was immersed in 
2% paraformaldehyde (PFA) for 3 h at room temperature. After 
immersion and fixation, the eyes were washed with phosphate-
buffered saline (PBS), and the lenses were carefully removed. The 
eyes were immersed in 10% sucrose for 30 min, 20% sucrose for 
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2 h, and 30% sucrose overnight at 4°C for cryoprotection before 
being embedded in Tissue-Tek optimal cutting temperature 
compound (OCT) and frozen on dry ice. Eighteen micron 
sections were cut on a cryostat. The sections were blocked for 1 h 
with 10% normal goat or donkey serum in PBS with 0.5% Triton 
X-100, incubated overnight at 4°C with primary antibodies, and 
then incubated with secondary antibodies.

SCENIC analysis

SCENIC is a computational method for simultaneous gene 
regulatory network reconstruction and cell-state identification 
from single-cell RNA-seq data (Aibar et  al., 2017).1 We  first 
obtained the scores of different TFs in cell subtypes through R and 
then screened according to the criteria of avg.exp. ≥ 1, pct.exp. ≥ 20 
and RelativeActivity ≥1 to obtain important TFs. We obtained the 
target gene information of TFs using pyscenic and screened them 
with the same criteria. The input matrix used for pyscenic was the 
normalized expression matrix output from Seurat.

According to the expression of TFs and target genes and their 
importance, we visualized the results using the Cytoscape tool 
(version 3.8.2; specific screening criteria are shown in the legend). 
The interactions of each TF and target were merged manually to 
analyze the overall interactions. We also visualized the target genes 
of several important TFs with a UMAP plot.
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In central nervous system, axons fail to regenerate after injury while in

peripheral nervous system, axons retain certain regenerative ability. Dorsal

root ganglion (DRG) neuron has an ascending central axon branch and a

descending peripheral axon branch stemming from one single axon and

serves as a suitable model for the comparison of growth competence

following central and peripheral axon injuries. Molecular alterations underpin

different injury responses of DRG branches have been investigated from many

aspects, such as coding gene expression, chromatin accessibility, and histone

acetylation. However, changes of circular RNAs are poorly characterized. In

the present study, we comprehensively investigate circular RNA expressions

in DRGs after rat central and peripheral axon injuries using sequencing

analysis and identify a total of 33 differentially expressed circular RNAs after

central branch injury as well as 55 differentially expressed circular RNAs after

peripheral branch injury. Functional enrichment of host genes of differentially

expressed circular RNAs demonstrate the participation of Hippo signaling

pathway and Notch signaling pathway after both central and peripheral axon

injuries. Circular RNA changes after central axon injury are also linked with

apoptosis and cellular junction while changes after peripheral axon injury

are associated with metabolism and PTEN-related pathways. Altogether, the

present study offers a systematic evaluation of alterations of circular RNAs

in rat DRGs following injuries to the central and peripheral axon branches

and contributes to the deciphering of essential biological activities and

mechanisms behind successful nerve regeneration.

KEYWORDS

circular RNAs, dorsal root ganglion, nerve regeneration, central axon injury,
peripheral axon injury
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Introduction

Axon injury elicits distal nerve degeneration, impairs
neuronal functions, and causes motor incapacity, sensation loss,
and neuropathic pain (Stoll and Muller, 1999; Hu, 2016). The
recovery effects and consequences of axon injury largely rely
on the special localizations of injured axons. In the mammalian
central nervous system, injured axons fail to regenerate toward
their original targets and thus permanent functional disability
is commonly observed after central nerve injury (Mahar and
Cavalli, 2018). On the contrast, in the peripheral nervous
system, injured axons preserve certain regenerative abilities
and functional recovery of injured peripheral nerves may be
achieved, especially after mild peripheral nerve injury, such as
nerve crush and nerve injury with short gaps (He and Jin, 2016).

Dorsal root ganglion (DRG) neurons are pseudounipolar
neurons that have two separate axonal branches stemming from
one single axon. The central branch extends into the central
nervous system and is generally incapable of regeneration
after axon injury while the peripheral branch projects to
peripheral target and often obtains a remarkable growth capacity
(Neumann and Woolf, 1999; Nascimento et al., 2018). Despite
different local microenvironment of central and peripheral
axon, such as surrounding oligodendrocytes, astrocytes, and
microglial cells in central nerves versus Schwann cells in
peripheral nerves, the intrinsic regenerative status of DRG
neurons are distinct after injury to central and peripheral
branches (Hoffman, 2010; Renthal et al., 2020). Injury to the
two separate axon branches generates a useful model for the
direct comparisons of molecular alterations in DRGs and offers
valuable insights into failed central axon growth and successful
peripheral axon growth.

Recently, the application of high-throughput RNA
sequencing discriminates genetic changes in DRGs after
central and peripheral axon injury and reveals the essential roles
of reactive oxygen species in axon regeneration by comparing
changes between non-regenerative central axon injury and
regenerative peripheral axon injury (Hervera et al., 2018).
ATAC and ChIP sequencing explore underlying epigenomic
characteristics (Palmisano et al., 2019). Recent data further
decipher distinct cellular changes in DRGs after central axon
injury and peripheral axon injury using single cell sequencing
(Avraham et al., 2021). However, the unique features of circular
RNAs in DRGs following central and peripheral axon injuries
are less understood.

Circular RNAs are endogenous non-coding RNAs with
covalently closed loop structures formed by transcript back
splicing (Zhang et al., 2014; Chen and Yang, 2015). Although
the abundances of a large number of circular RNAs are lower
than their counterpart linear RNAs, circular RNAs are generally
stably expressed (Memczak et al., 2013; Zhang et al., 2019).
Moreover, many circular RNAs exhibit distinctive tissue and
development expression patterns and play important regulatory
roles under various physiological and pathological conditions

(Memczak et al., 2013). Here, we made a injury to DRG central
axon branch as well as a injury to the peripheral axon branch,
collected DRGs at 24 h after nerve injury, and investigated
circular RNA signatures in response to central and peripheral
axon injuries, aiming to decipher key elements for effective
nerve regeneration from the aspect of regulatory RNAs.

Materials and methods

Animals

A total of 56 8-week-old male Sprague Dawley rats (∼200 g)
were obtained from the Animal Center of Nantong University.
Rats were randomly divided into central axon branch injury
group, central axon branch sham surgery group, peripheral axon
branch injury group, and peripheral axon branch sham surgery
group, with 14 rats in each group.

Animal work was carried out in accordance with the
guidelines of Nantong University Institutional Animal Care
and Ethical approved by the Administration Committee
of Experimental Animals, Nantong University, Jiangsu
Province, China.

Surgery procedures

Central and peripheral axon injuries were performed
according to a previous publication with modifications
(Avraham et al., 2021). Briefly, for central axon branch injury,
after anesthesia, a small midline skin incision was made at the
L2-L3 vertebral level, dura mater was removed, and dorsal root
was cut. For central axon branch sham surgery, dura mater was
removed while dorsal root was not injured. Rats subjected to
central axon branch injury or central axon branch sham surgery
were designated as DR-Exp and DR-Sham, respectively. For
peripheral axon branch injury, after anesthesia, a skin incision
was made on the lateral aspect of the mid-thigh of rat hind
limb and sciatic nerve was cut. For peripheral axon branch
sham surgery, sciatic nerve was exposed but not injured. Rats
subjected to peripheral axon branch injury or peripheral axon
branch sham surgery were designated as SN-Exp and SN-Sham,
respectively. Rat L4-L5 DRGs were collected at 24 h after
surgery and stored at−80◦C.

Sequencing analysis

Total RNAs was extracted from rat L4-L5 DRGs using
TRIzol reagent kit (Invitrogen, Carlsbad, CA, USA) and
subjected to RNA quality check using an Agilent Bioanalyzer
(Agilent Technologies, Palo Alto, CA, USA). mRNA was
enriched, fragmented into short fragments, and reverse
transcripted to cDNA. cDNA fragments were ligated to Illumina

Frontiers in Cellular Neuroscience 02 frontiersin.org

198

https://doi.org/10.3389/fncel.2022.1046050
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/


fncel-16-1046050 December 6, 2022 Time: 15:28 # 3

Cao et al. 10.3389/fncel.2022.1046050

sequencing adapters and sequencing was performed using
HiSeqTM 4000 platform. RNA libraries were sequenced
on the Illumina sequencing platform by Genedenovo
Biotechnology Co., Ltd. (Guangzhou, China). Sequencing
data were stored in Genome Sequence Archive database with
accession number CRA006070.

For bioinformatic analysis, raw reads obtained from
sequencing were filtered by fastp (version 0.18.0) to obtain high
quality clean reads (Chen et al., 2018). Clean reads were mapped
to the reference genome. Circular RNAs were identified using
bioinformatic tools bowtie 2 and find_circ (Memczak et al.,
2013). Identified circular RNAs were then filtered to obtain
highly reliable data under following conditions: breakpoint
equal to 1, anchor_overlap less than or equal to 2, edit less
than or equal to 2, n_uniq greater than 2, best_qual_A greater
than 35, or best_qual_B greater than 35, n_uniq greater than
int (samples/2), and length less than 100 k. The abundances
of circular RNAs were quantified using back-spliced reads
per million mapped reads (RPM) according to the formula
RPM = 10ˆ6C/N, where C represented the back-spliced reads
of target genes and N represented total back-spliced reads. RNA
differential expression analysis was performed using edgeR by
normalization and p-value calculation. Circular RNAs with log2

(fold change) > 1 or < −1 and p-value < 0.05 were screened
and considered as differentially expressed. The functions of host
genes of differentially expressed circular RNAs were discovered
using kyoto encyclopedia of genes and genomes (KEGG)
pathway enrichment analysis (Kanehisa and Goto, 2000),
reactome enrichment analysis, and gene ontology (GO) term
enrichment analysis (Croft et al., 2011; Fabregat et al., 2018).
The significances of KEGG pathways, reactome pathways, or
GO terms were calculated based on the numbers of all genes and
candidate genes that with KEGG, reactome, or GO annotation as
well as the numbers of all genes and candidate genes annotated
to specific KEGG pathways, reactome pathways, or GO terms.

The competing endogenous RNA (ceRNA) network was
constructed by assembling all co-expression competing circular
RNAs, microRNAs, and mRNAs. Expression correlations
between circular RNAs and microRNAs as well as microRNAs
and mRNAs were analyzed using the Spearman Rank
correlation coefficient (SCC) to screen negatively co-expressed
circular RNA-microRNA pairs or microRNA-mRNA pairs.
Expression correlations between circular RNAs and mRNAs
were analyzed using Pearson correlation coefficient (PCC)
to screen positively co-expressed circular RNA-mRNA pairs.
The interactions between circular RNAs, microRNAs, and
mRNAs in the ceRNA network were displayed using Cytoscape
software (v3.6.0).

Real-time PCR

Total RNA extracted from rat L4-L5 DRG was reversely
transcribed to cDNA using PrimeScript RT Reagent Kit

(TaKaRa Biotechnology Co., Ltd., Dalian, China). The
characterization of circular RNA was determined using the
divergent primers annealing at the distal end. PCR product was
subjected to agarose gel electrophoresis and Sanger sequencing
(Genewiz, Inc., Suzhou, China). The relative abundance of
novel_circ_000290, novel_circ_001817 and novel_circ_000991
was determined using the comparative 2−11Ct method with
GAPDH as the reference gene. Primer sequences were as follows
(5′−3′): novel_circ_000290-F TGACTCCCTCTCTGGTGACA,
novel_circ_000290-R GCTTCCTCAACACCATCACC,
novel_circ_001817-F AGGCTATTCGCTTAGGATTCCA,
novel_circ_001817-R CCAGGTAGTTGTGTCCGATGTA,
novel_circ_000991-F CATCCACGTCATGAGGAACAG,
novel_circ_000991-R TACAAGACACTCGGTCTACCAA,
GAPDH-F ACAGCAACAGGGTGGTGGAC, and GAPDH-R
TTTGAGGGTGCAGCGAACTT.

Statistical analysis

Numerical data were expressed as mean with SEM.
Comparisons between DR-Exp and DR-sham as well as SN-Exp
and SN-sham were generated using unpaired t-test (GraphPad
Prism 6.0 software, GraphPad Software, La Jolla, CA, USA).
Significantly difference was set at a p-value < 0.05.

Results

Overview of circular RNA profiles in rat
DRGs following central and peripheral
axon injuries

Dorsal root ganglions of rats underwent central axon branch
injury, peripheral axon branch injury, or corresponding sham
surgery were collected at 24 h after surgery and subjected to
sequencing to obtain a global view of circular RNAs in rat
DRGs after central and peripheral axon injuries (Figure 1A).
Sequencing clean reads were mapped to approximately 97%
of total reads. More than 90% mapped reads were uniquely
mapped, indicating high read quality for RNA sequencing
(Figure 1B).

Bioinformatic analysis identified a total of 2,310 circular
RNAs in rat DRGs. These circular RNAs showed similar
sample expression distributions after central and peripheral
axon injuries (Figure 1C). The localizations of circular RNAs
were also comparable in difference groups. About 18% of
circular RNAs were derived from intergenic regions, about 16%
were derived from intronic regions, while the majority were
derived from exonic regions (Figure 1D). Most circular RNAs
were localized in nuclear genome instead of the mitochondrial
genome. Among all chromosomes, chromosome 1 contained the
largest numbers of circular RNAs (Figure 1E).
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FIGURE 1

Characterization of circular RNAs in dorsal root ganglions (DRGs). (A) Schematic representation of nerve injury model. (B) The alignment of
sequencing reads to the reference genome in rats underwent central injury, peripheral injury, or corresponding sham surgery. (C) The violin plot
of the abundances of circular RNAs. (D) Genomic origins of circular RNAs. (E) Numbers of circular RNAs in each chromosome.

Identification of differentially
expressed circular RNAs following
central and peripheral axon injuries

The expression levels of circular RNAs after central and
peripheral axon injuries were determined to screen differentially
expressed circular RNAs. A total of 33 circular RNAs were
found to be differentially expressed after central branch injury
versus central branch sham surgery, with 9 circular RNAs up-
regulated and 24 circular RNAs down-regulated (Figures 2A, B).

A larger number of circular RNAs showed different expression
levels after peripheral branch injury versus peripheral branch
sham surgery, with 32 circular RNAs up-regulated and 23
circular RNAs down-regulated (Figures 2A, C). The expression
patterns of these differentially expressed circular RNAs were
displayed in heatmaps (Figures 2D, E) and circular RNAs
with the most robust changes were presented (Figure 2F). The
abundances of these up-regulated or down-regulated circular
RNAs were further examined using real-time PCR to validate
the accuracy of sequencing analysis. PCR results showed that,
in keeping with sequencing data, peripheral axon injuries
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FIGURE 2

Changes of circular RNAs after rat central and peripheral axon injuries. (A) Numbers of differentially expressed circular RNAs after rat central and
peripheral axon injuries. Red indicates up-regulated after nerve injury while blue indicates down-regulated after nerve injury. (B,C) The volcano
plots of differentially expressed circular RNAs in DRGs after (B) central axon injury and (C) peripheral axon injury. (D,E) Heatmaps of differentially
expressed circular RNAs in dorsal root ganglions (DRGs) after (D) central axon injury and (E) peripheral axon injury. Red indicates relatively high
abundance and blue indicates relatively low abundance. (F) Top 5 up-regulated and top 5 down-regulated circular RNAs after rat central and
peripheral axon injuries.

reduced novel_circ_000290 and novel_circ_001817 expression,
and central axon injuries induced novel_circ_000290 expression
(Figure 3).

Detailed information of all differentially expressed circular
RNAs, including their chromosome localizations, genomic
start/end sites, spliced lengths, annotation types (intergenic,
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FIGURE 3

Validation of the expression of differentially expressed circular RNAs after rat central and peripheral axon injuries. Relative expression levels of
novel_circ_000290 (A) and novel_circ_001817 (B) after rat central and peripheral axon injuries. Data are summarized from 3 experiments and
presented as mean with SEM. *P-value < 0.05.

FIGURE 4

Validation of the characterization and expression of circular RNA novel_circ_000991. (A) Determination of novel_circ_000991 by Sanger
sequencing. Black arrow indicates the site of back-splicing. (B) Schematic representation of the genomic locus of novel_circ_000991 in its host
gene Mtmr7 (NM_001107312.3). (C) Relative expression levels of novel_circ_000991 after rat central and peripheral axon injuries. Data are
summarized from 3 experiments and presented as mean with SEM. *P-value < 0.05.

intronic, and exonic), and host genes, was provided in
Supplementary Tables 1, 2.

Among these differentially expressed circular RNAs, circular
RNA novel_circ_000991 exhibited relative high abundances in

all groups and thus was further examined for its characterization
and expression. Consistent with RNA sequencing outcome,
Sanger sequencing recognized Mtmr7 (NM_001107312.3) as the
host gene of novel_circ_000991 (Figure 4A). The cyclization
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site of novel_circ_000991 was demonstrated in a schematic
diagram (Figure 4B). Moreover, the relative expression pattern
of novel_circ_000991 was measured by RT-PCR. Sequencing
data revealed a considerable reduction of the abundance of
novel_circ_000991 after central axon branch injury and a
decreasing trend (although not of statistical significance) after
peripheral axon branch injury. RT-PCR results supported that
central and peripheral axon injuries reduced novel_circ_000991
expression (Figure 4C).

Functional analysis for host genes of
differentially expressed circular RNAs
following central axon injury

To discover biological implications of differentially
expressed circular RNAs in DRGs after central axon
injury, host genes of these differentially expressed circular
RNAs were annotated with KEGG database. Top enrich
KEGG pathways were listed in Table 1 and displayed in
a circular graph. A large number of development and
regeneration-related pathways, such as Hippo signaling
pathway (ko04391 and ko04392), Notch signaling pathway
(ko04330), phosphatidylinositol signaling pathway (ko04070),
and Neurotrophin signaling pathway (ko04722), were
identified as significantly enriched KEGG pathways. Many
cellular processes, including apoptosis (ko04214) and cellular
junction-related pathways, i.e., adherens junction (ko04520)
and gap junction (ko04540), were also found to be highly
enriched (Figure 5A).

Reactome analysis further demonstrated the considerable
participation of Hippo signaling (Signaling by Hippo, R-RNO-
2028269) and apoptosis (Apoptosis cleavage of cellular proteins,
R-RNO-111465; Apoptotic execution phase, R-RNO-75153; and
Cleavage of p-STK3 (p-MST2) by caspase 3, R-RNO-2028697)
in DRGs after central axon injury. The enrichment of reactome
pathways WWTR1 (TAZ) binds to ZO-1 (TJP1) (R-RNO-
2064417), phosphorylation of Cx43 by c-src (R-RNO-191636),
c-src mediated regulation of Cx43 function and closure of
gap junctions (R-RNO-191647), and regulation of gap junction
activity (R-RNO-191654) implied changes of cellular junction.
The identification of significantly involved reactome pathway
Caspase-mediated cleavage of TJP1 (R-RNO-351913) further
indicated the association of apoptosis and cellular junction
regulation. Moreover, the recognition of reactome pathways
IL6 binds IL6R-2 (R-RNO-1067640), IL6 binds IL6R (R-RNO-
1067667), and IL6:IL6R-2 binds IL6ST-2 (R-RNO-1067676)
illuminated the involvement of immune responses in central
axon injury-mediated molecular features (Figure 5B).

Gene ontology term enrichment revealed the involvement of
GO biological processes biological regulation, cellular process,
regulation of biological process, GO cellular components cell,
cell part, and GO molecular function binding (Figure 5C).

Functional analysis for host genes of
differentially expressed circular RNAs
following peripheral axon injury

Host genes of differentially expressed circular RNAs in
DRGs after peripheral axon injury were subjected to functional
enrichment as well. Similar as changes after central axon
injury, Hippo signaling pathway and Notch signaling pathway
were found to be enriched after peripheral axon injury.
A metabolism-related pathway, Inositol phosphate metabolism
(ko00562), was also discovered as a commonly involved KEGG
pathway in host genes of differentially expressed circular
RNAs after both central and peripheral axon injuries. Besides
Inositol phosphate metabolism, many other metabolism-
related pathways, i.e., Glycosphingolipid biosynthesis-ganglio
series (ko00604), Mucin type O-glycan biosynthesis (ko00512),
Fatty acid degradation (ko00071), and Fatty acid metabolism
(ko01212) were also significantly changed in DRGs after
peripheral axon injury (Table 2 and Figure 6A).

Reactome enrichment analysis showed the essential
involvement of PTEN in peripheral axon injury-induced
changes in DRGs as many significant reactome pathways
were related to PTEN, including Regulation of PTEN gene
transcription (R-RNO-8943724), SALL4 recruits NuRD to
PTEN gene (R-RNO-8943780), and PTEN Regulation (R-
RNO-6807070). Furthermore, TP53-related reactome pathways

TABLE 1 Top 20 enriched kyoto encyclopedia of genes and genomes
(KEGG) pathways for host genes of differentially expressed circular
RNAs after rat central axon injury.

No ID Description

1 ko04391 Hippo signaling pathway -fly

2 ko04392 Hippo signaling pathway–multiple species

3 ko04214 Apoptosis–fly

4 ko04330 Notch signaling pathway

5 ko05110 Vibrio cholerae infection

6 ko04961 Endocrine and other factor-regulated calcium reabsorption

7 ko04978 Mineral absorption

8 ko05120 Epithelial cell signaling in Helicobacter pylori infection

9 ko04520 Adherens junction

10 ko00562 Inositol phosphate metabolism

11 ko05412 Arrhythmogenic right ventricular cardiomyopathy (ARVC)

12 ko01521 EGFR tyrosine kinase inhibitor resistance

13 ko04061 Viral protein interaction with cytokine and cytokine receptor

14 ko04540 Gap junction

15 ko04260 Cardiac muscle contraction

16 ko05410 Hypertrophic cardiomyopathy (HCM)

17 ko04070 Phosphatidylinositol signaling system

18 ko04974 Protein digestion and absorption

19 ko05017 Spinocerebellar ataxia

20 ko04722 Neurotrophin signaling pathway
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FIGURE 5

Annotation of host genes of differentially expressed circular RNAs after rat central axon injury. Enriched (A) KEGG pathways, (B) reactome
pathways, and (C) GO terms.
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TABLE 2 Top 20 enriched kyoto encyclopedia of genes and genomes
(KEGG) pathways for host genes of differentially expressed circular
RNAs after rat peripheral axon injury.

No ID Description

1 ko05017 Spinocerebellar ataxia

2 ko04919 Thyroid hormone signaling pathway

3 ko00604 Glycosphingolipid biosynthesis–ganglio series

4 ko04320 Dorso-ventral axis formation

5 ko05206 MicroRNAs in cancer

6 ko00512 Mucin type O-glycan biosynthesis

7 ko05202 Transcriptional misregulation in cancers

8 ko00071 Fatty acid degradation

9 ko00970 Aminoacyl-tRNA biosynthesis

10 ko04330 Notch signaling pathway

11 ko01212 Fatty acid metabolism

12 ko04391 Hippo signaling pathway -fly

13 ko04213 Longevity regulating pathway–multiple species

14 ko05014 Amyotrophic lateral sclerosis (ALS)

15 ko04137 Mitophagy–animal

16 ko05031 Amphetamine addiction

17 ko05016 Huntington disease

18 ko04015 Rap1 signaling pathway

19 ko00562 Inositol phosphate metabolism

20 ko04721 Synaptic vesicle cycle

MTA2-NuRD complex deacetylates TP53 (R-RNO-6805650)
and Regulation of TP53 activity through acetylation (R-RNO-
6804758) as well as ATF-associated pathway MSK1 activates
ATF1 (R-RNO-6804758) were also identified as top enriched
reactome pathways (Figure 6B).

Gene ontology analysis revealed cellular process as the most
significantly enriched GO biological process, cell and cell part
as the most significantly enriched GO cellular components,
and binding as the most significantly enriched GO molecular
function (Figure 6C).

Given the essential participation of PTEN-related pathways
in peripheral axon injury-induced changes, circular RNAs
sourced from genes involved in PTEN pathways are worthy
of note. Novel_circ_002033, a circular RNA cyclizated from
Gatad2b, was found to be up-regulated after peripheral axon
branch injury versus sham surgery but not significantly altered
after central axon branch injury. Therefore, besides the function
of the host gene of novel_circ_002033, the regulatory roles
of novel_circ_002033 was also explored by generating the
ceRNA network of novel_circ_002033. Regulatory network
showed that novel_circ_002033 might function as a microRNA
sponge and regulate the target genes of miR-6331-z (i.e.,
Abcf1, Serpine1, Cxcl1, Zfp286a, Adcy3, Wdtc1, Slamf8, Acox1,
Cd16412, Cacul1, Cd28, LOC100912604, Jak1, Furin, Myo6,
Chd2, Crips3, Sbno2, RGD1304884, AABR07032097.1, Clec5a,
Lair1, Vps9d1, Sesn2, and LOC103689964) and miR-129-x (i.e.,
Vash2, Aff4, Smpx, Frmd4b, Slc39a14, Casp3, Prickle2, Peg3,

Spata2L, Phf23, Pik3r1, Ecel1, Ppfibp2, AABR07032097.1, Tcaf2,
B3galt5, and Il18rap) (Figure 7).

Discussion

Dorsal root ganglion neurons are extensively used to
investigate axon regeneration as the central and peripheral axon
branches of DRG neurons have different axon regrowth abilities
(Chen et al., 2016). Identifying different injury responses in
DRGs after central and peripheral axon branches help to
illuminate the molecular basis of successful axon regeneration
and provides prospects for the treatment of central nerve injury.

Previously, our laboratory has investigated changes in DRGs
at a series of time points, i.e., 0 h, 3 h, 9 h, 24 h, 4, and
7 days after rat sciatic nerve injury and found that many genes
exhibited altered expression levels at 24 h post peripheral axon
injury (Gong et al., 2016). To examine differences between
peripheral and central axon injuries, herein, we performed rat
central and peripheral axon injuries, collected DRGs at 24 h
after nerve injury, and observed injury-induced changes in
DRGs from the aspect of circular RNAs. The database of rat
circular RNA is not as comprehensive as human circular RNAs,
many identified circular RNAs in rat DRGs are thus labeled
as novel circular RNAs. The genomic origins and localizations
of these circular RNAs demonstrate that circular RNAs are
chiefly derived from exonic regions and largely transcribed from
rat chromosome 1, which is consistent with observations of
circular RNAs in DRGs after sciatic nerve injury (Mao et al.,
2019). Similar as the findings of the amounts of changed coding
genes and accessible genes (Palmisano et al., 2019), the numbers
of differentially expressed circular RNAs in DRGs are much
larger after peripheral axon injury as compared with that in
DRGs after central axon injury, indicating that sciatic nerve
injury-induced changes may be more remarkable. Among these
differentially expressed genes, only one circular RNA, that is
novel_circ_000986, a circular RNA derived from linear Tshz2, is
found to be up-regulated after both central and peripheral axon
injuries, and only one circular RNA, that is novel_circ_000151,
a circular RNA derived from linear Tesk2, is consistently down-
regulated. The low-degree of genetic overlapping indicates that
nerve injuries at central and peripheral axon branches induce
diverse injury responses.

Functional analyses of host genes of circular RNAs
provide important biological implications as circular RNAs
regulate their host genes (Zhou et al., 2022). Hippo signaling
pathway, a regeneration-promoting signaling pathway that
orchestrates neural crest cell development and glial cell
expansion (Serinagaoglu et al., 2015; Jeanette et al., 2021; Zhao
et al., 2021) and Notch signaling pathway, a regeneration-
inhibiting signaling pathway that prevents growth cone
formation (El Bejjani and Hammarlund, 2012), are commonly
involved after central and peripheral axon injuries. Besides
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FIGURE 6

Annotation of host genes of differentially expressed circular RNAs after rat peripheral axon injury. Enriched (A) KEGG pathways, (B) reactome
pathways, and (C) GO terms.

the recognization of concurrent changes, the identification
of unique signaling pathways may also be very meaningful
as it reflects different responses to central and peripheral
injuries. KEGG and reactome pathway annotation show the
enrichment of apoptosis and cellular junction after central axon
injury instead of peripheral axon injury. Significant involvement

of apoptosis after central axon injury is in agreement with
experimental observations that spinal cord injury elicit severe
neuron loss while sciatic nerve injury only lead to the
death of 10–30% sensory neurons (Navarro et al., 2007; Park
et al., 2008). Therefore, improving neuronal survival may be
effective for the treatment of central nerve injury. Changes of
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FIGURE 7

The competing endogenous RNA (ceRNA) network of novel_circ_002033. Purple indicates circular RNA novel_circ_002033, red indicates
microRNAs miR-6331-z and miR-129-x, and blue indicates target genes.

blood-nerve-barrier have been recently detected in post-injury
sensory neuron microenvironment by single cell sequencing
(Avraham et al., 2021). Here, the significant involvements of
adherens junction, gap junction, and more importantly, the
mediation of tight junction protein 1 (TJP1, ZO-1) by caspase
in central axon injury-induced alterations indicate that elevated
apoptosis may contribute to cellular junction disruption and the
remodeling of neuron microenvironment.

The most distinctive feature of host genes of differentially
expressed circular RNAs after peripheral axon injury is the
enrichment of PTEN-related pathways. PTEN/mTOR pathway
has been long recognized as an essential regulator of nerve
regeneration (Park et al., 2008; Abe et al., 2010; Christie
et al., 2010; Liu et al., 2010). Endosomal NADPH oxidase 2, a
DRG regenerative outgrowth contributing factor identified by
comparing coding genes in DRGs after central and peripheral
axon injuries, executes a promoting role in nerve regeneration
via PTEN oxidation and inactivation (Hervera et al., 2018).
Therefore, both analyses of coding genes and non-coding
circular RNAs reveal the significance of PTEN signaling and
indicate that inactivated PTEN may be a prerequisite for success
axon regeneration.

Circular RNAs often function as ceRNA sponges,
competitively bind to microRNAs, and increase the abundances
of target genes of these microRNAs (Hansen et al., 2013; Li et al.,
2018). By analyzing the targeting relationship and expression

correlations of circular RNAs, microRNAs, and mRNAs, ceRNA
networks were constructed and many circular RNAs that
might be involved in ceRNA networks were screened, such as
novel_circ_000013, novel_circ_000020, and novel_circ_000047.
A full list of correlated circular RNAs, microRNAs, and mRNAs
was provided in Supplementary Table 3. Among involved
circular RNAs, novel_circ_002033 is cyclized from linear
Gatad2b, a gene involved in PTEN signaling. Therefore, we
investigated a novel_circ_002033-centered ceRNA network in
detail. Notably, some downstream target genes in the ceRNA
network have already been reported to be complicated in the
nerve regeneration process. For instance, Acox1, a downstream
target molecule of miR-6331-z, is required for axon regeneration
and its mutation induces axonal loss and axon degeneration
(Chung et al., 2020; Griffin and Ackerman, 2020; Shimizu
et al., 2022). Ecel1, a target of miR-129-x, displays robust
transcriptional responses to nerve injury and is considered as a
potential therapeutic target for nerve regeneration (Kiryu-Seo
et al., 2019). Therefore, other molecules in the constructed
ceRNA network with currently unknown functions may also
play important roles in nerve repair and regeneration and are
worth further investigating.

Taken together, in the present study, we investigated novel
circular RNA expression profiles of DRGs following nerve
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injury and discovered unique responses of DRGs to central
and peripheral projecting axon injuries. These identified genetic
signatures in DRGs may benefit the understanding of molecular
changes underlying failed central axon injury and success
peripheral axon injury and contribute to the development of
therapeutic strategies for central nerve regeneration.
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DNA damage stress-induced 
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Fused in sarcoma/translated in liposarcoma (FUS) is an RNA-binding protein, 

and its mutations are associated with neurodegenerative diseases, including 

amyotrophic lateral sclerosis (ALS), through the DNA damage stress response, 

aberrant stress granule (SG) formation, etc. We  previously reported that 

translocation of endogenous FUS into SGs was achieved by cotreatment 

with a DNA double-strand break inducer and an inhibitor of DNA-PK activity. 

In the present study, we  investigated cytoplasmic SG formation using various 

fluorescent protein-tagged mutant FUS proteins in a human astrocytoma 

cell (U251) model. While the synergistic enhancement of the migration of 

fluorescent protein-tagged wild-type FUS to cytoplasmic SGs upon DNA 

damage induction was observed when DNA-PK activity was suppressed, the 

fluorescent protein-tagged FUSP525L mutant showed cytoplasmic localization. 

It migrated to cytoplasmic SGs upon DNA damage induction alone, and DNA-

PK inhibition also showed a synergistic effect. Furthermore, analysis of 12 sites 

of DNA-PK–regulated phosphorylation in the N-terminal LC region of FUS 

revealed that hyperphosphorylation of FUS mitigated the mislocalization of FUS 

into cytoplasmic SGs. By using this cell model, we performed screening of a 

compound library to identify compounds that inhibit the migration of FUS to 

cytoplasmic SGs but do not affect the localization of the SG marker molecule 

G3BP1 to cytoplasmic SGs. Finally, we successfully identified 23 compounds that 

inhibit FUS-containing SG formation without changing normal SG formation.

Highlights

	 1. �Characterization of DNA-PK-dependent FUS stress granule localization.

	 2. �A compound library was screened to identify compounds that inhibit the 

formation of FUS-containing stress granules.
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Introduction

Control of the integration and localization of macromolecular 
machines is essential for normal cellular function (Spannl et al., 
2019). These functional assemblies of large molecules are now 
broadly categorized as organelles with lipid bilayer membranes and 
membraneless organelles (Gomes and Shorter, 2019). In particular, 
most membraneless organelles, which are called RNP granules, 
consist of nucleic acids, RNA, and RNA-binding proteins (RBPs). 
There are many types of RNP granules, and many RBPs have the 
intrinsic ability to promote the formation of large molecular 
assemblies through the process of liquid–liquid phase separation 
(LLPS; Mateju et  al., 2017). Among these assemblies, stress 
granules (SGs), which are cytoplasmic granules formed under 
stress conditions, are a normal cellular defense against intracellular 
and environmental stresses and contain many cytoplasmic types 
of RBPs, translation control factors, etc., thereby repressing general 
mRNA translation during cellular stress (Maziuk et  al., 2017; 
Markmiller et al., 2018; Wolozin and Ivanov, 2019). On the other 
hand, nuclear-localized RBPs do not necessarily localize to SGs 
during the cellular stress response but have been reported to 
migrate to SGs in response to various stimuli. Extensive studies 
have indicated that SGs are transient RNPs, but chronic stresses 
associated with aging lead to irreversible SG formation related to 
pathological protein aggregation (Gao et al., 2017; Wolozin and 
Ivanov, 2019). Posttranslational modification of RBPs is strongly 
involved in the RBP translocation and SG formation (Wolozin and 
Ivanov, 2019). Interestingly, a nucleus-enriched RBP, TDP-43, 
translocates to cytoplasmic SGs in response to some stimuli and 
has been identified as a core component of pathogenic protein 
aggregation, called “TDP-43 proteinopathy” in amyotrophic lateral 
sclerosis (ALS), Huntington’s disease, Alzheimer’s disease, and 
FTD (Arai et al., 2006; Hasegawa et al., 2008; Tada et al., 2012; Ling 
et al., 2013). In addition, FUS, TIA-1, hnRNPA2B1, and hnRNPA1, 
which are also nuclear RBPs, are closely related to pathological 
protein aggregation in ALS and FTD (Neumann et al., 2009; Kim 
et al., 2013; Ling et al., 2013; Mackenzie et al., 2017; Wolozin and 
Ivanov, 2019). These pathological aggregates of nuclear-enriched 
proteins are often observed in the cytoplasm. Therefore, the 
molecular mechanism underlying the cytoplasmic-nuclear 
shuttling activity of the causative RBPs has attracted attention as a 
cause of ALS pathology. The C-terminal region of FUS, called the 

noncanonical R/H/KX2-5PY NLS, has sufficient nuclear import 
activity. Mutations in this C-terminal region have been identified 
in many patients with familial FUS-ALS (Lee et al., 2006; Belzil 
et al., 2009; Chiò et al., 2009; Kwiatkowski et al., 2009; Vance et al., 
2009). Furthermore, it has been reported that the NLS activity of 
FUS mutant proteins, which is involved in the cytoplasmic-nuclear 
localization of these proteins, correlates with a decrease in the age 
at disease onset (Dormann et al., 2010).

Other groups and we have been establishing an in vitro motor 
neuron model of ALS and analyzing its molecular mechanisms 
using iPS cell technologies (Higelin et al., 2016; Ichiyanagi et al., 
2016; Fujimori et al., 2018; Matsuo et al., 2021). These disease 
models are extremely useful tools not only for analysis of the 
molecular mechanisms of disease but also as a biologically relevant 
tool for small molecule compound library screening of human 
diseases (Okano et  al., 2020; Okano and Morimoto, 2022). In 
particular, we  established a familial ALS disease model by 
establishing iPS cells from a family with a mutation in the FUS 
gene and isogenic iPS cells with the same mutation. In 
differentiated motor neurons, the FUS protein exhibits slight 
cytoplasmic leakage in FUSH517D-mutated cells than in control 
cells, and arsenite treatment causes mislocalization of FUSH517D 
into G3BP1-positive SGs. In contrast, wild-type FUS is not 
mislocalized (Ichiyanagi et al., 2016). Furthermore, in our iBRN 
analysis, a method that classifies the molecules with a substantial 
impact on transcriptomic data in FUSH517D mutant cells, 
we identified PRKDC, TIMELESS, miR125b, etc. using cellular 
models of familial FUS-ALS (Nogami et  al., 2021a). All three 
molecules contribute to a common pathway in the DNA damage 
response, and PKRDC, encoding DNA-dependent protein kinase 
(DNA-PK), has been reported to be  involved in 
hyperphosphorylation of the FUS protein and to have a mitigating 
effect on LLPS of the FUS protein in vitro (Deng et  al., 2014; 
Murray et al., 2017). Furthermore, we found that in addition to 
DNA damage induction, cotreatment with inhibitors of DNA-PK 
resulted in translocation of endogenous wild-type FUS into SGs 
(Nogami et al., 2021a). Similar studies have also indicated that 
mutations in the FUS NLS induce an abnormal poly-ADP-ribose 
polymerase (PARP)-dependent DNA damage response that is 
responsible for neurodegeneration and FUS mislocalization and 
aggregate formation (Naumann et  al., 2018). Therefore, DNA 
damage response signaling due to the aberrant nucleocytoplasmic 
shuttling of the FUS protein is believed to be  an upstream 
molecular target for ameliorating FUS-ALS pathology.

Here, we performed detailed experiments on FUS-containing 
cytoplasmic SG formation using various pathogenic FUS mutants 
and FUS with mutations in the DNA-PK–regulated 

Abbreviations: FUS, Fused in sarcoma/translated in liposarcoma; SGs, Stress 

granules; ALS, Amyotrophic lateral sclerosis; RBP, RNA binding protein; LLPS, 

Liquid-liquid phase separation; CLM, Calicheamicin.
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phosphorylation site further to explore the molecular 
mechanisms of FUS-positive SG formation. We  observed a 
synergistic effect of the DNA damage inducer CLM and the 
DNA-PK inhibitor NU7441 on the translocation of FUS into SGs. 
We confirmed that this synergistic effect was dependent on the 
activity of DNA-PK. Furthermore, we  screened for small 
compounds that specifically inhibited the formation of only 
FUS-positive SGs without affecting the formation of 
FUS-negative SGs and succeeded in identifying essential 
compounds, including signal transduction-inhibiting and 
chromatin-related molecules.

Materials and methods

Vector construction and plasmid 
preparation

Vector construction was performed by a service provider 
(GENEWIZ, South Plainfield, NJ). The synthesized Venus-human 
FUSWT, Venus-human FUSH517D, Venus-human FUSP525L, and 
mCherry-human G3BP1 sequences were subcloned into the 
HindIII/NotI sites in the pcDNA3.1(+) vector (Invitrogen, 
Carlsbad, CA) to obtain the corresponding expression vectors 
with N-terminal fusion tags. In addition, the synthesized Venus-
human FUSWT-Ala and Venus-human FUSWT-Asp sequences were 
subcloned into the BamHI/XhoI sites in the pcDNA3.1(+) vector 
to obtain pcDNA3.1(+)-Venus-human FUSWT-Ala and 
pcDNA3.1(+)-Venus-human FUSWT-Asp, respectively. To obtain 
expression vectors for Venus-FUSP525L-Ala and Venus-FUSP525L-Asp, 
mutagenesis of pcDNA3.1(+)-Venus-human FUSWT-Ala and 
pcDNA3.1(+)-Venus-human FUSWT-Asp was performed to replace 
Pro with Lys at amino acid position 525 in the FUS protein.

Cell culture and transfection

The human astrocytoma cell line U251 MG (KO) was 
purchased from the JCRB Cell Bank (Tokyo, Japan). U251 MG 
(KO) cells were cultured in E-MEM containing L-glutamine, 
phenol red, sodium pyruvate, nonessential amino acids, and 
1,500 mg/l sodium bicarbonate (Wako, Osaka, Japan; #055–08975) 
supplemented with 10% fetal bovine serum (Life Technologies; 
#10437085) and 100 U/ml penicillin–streptomycin (Life 
Technologies; #15140122) under 5% CO2 at 37°C. To obtain cells 
stably overexpressing Venus-tagged FUS and mCherry-tagged 
G3BP1, the appropriate expression vectors were introduced into 
cells with Lipofectamine 3000 (Life Technologies) in Opti-MEM 
I (Thermo Fisher Scientific, Waltham, MA; #31985070) following 
the manufacturer’s instructions. U251 MG (KO) cells positive for 
Venus and mCherry signals were selected with 100 μg/ml G418 
(geneticin; Thermo Fisher Scientific). To induce DNA damage, 
cells were treated with 10–100 nM CLM (MedChem Express, 
Monmouth Junction, NJ; #HY19609) with or without 1–10 μM 

NU7441 (Wako; #143-09001), a high-potency selective 
DNA-PK inhibitor.

Western blotting

Western blotting was performed as described in the previous 
study with slight modification (Nogami et al., 2021b). U251 MG 
(KO) cells were collected into 1× SDS Blue loading buffer (NEB, 
Tokyo, Japan; #B7703S) and heated at 95°C for 5 min. Next, 
genomic DNA in the samples was sheared using a syringe needle 
(Terumo, Tokyo, Japan; #SS-05 M2913). Electrophoresis was 
performed with TGX AnyKD gels and 7.5% gels (Bio-Rad; 
#4569036), and proteins were transferred with a Transblot Turbo 
blotting system PVDF PAK MINI (Bio-Rad, Hercules, CA; 
#1794156). The protein-containing membranes were blocked with 
5% nonfat dry milk (Cell Signaling Technology; #9999S) in Tris-
buffered saline containing Tween 20 (TBST; Cell Signaling 
Technology; #9997S) for 30 min at room temperature. The 
membranes were then incubated with mouse monoclonal anti-
phospho-histone H2A.X (Ser139; Millipore; #05–636), rabbit 
polyclonal anti-TDP-43 (Proteintech, Chicago, IL; #1078-2-AP), 
mouse monoclonal anti-FUS (Santa Cruz Biotechnology, Santa 
Cruz, CA; #SC-47711), and anti-β-actin (Novus Biologicals, 
Littleton, CO; #NB600-532) primary antibodies in blocking buffer 
overnight at 4°C. After three washes with TBST, the membranes 
were incubated with horseradish peroxidase-conjugated anti-
mouse IgG (Cell Signaling Technology; #7076P2) or horseradish 
peroxidase-conjugated anti-rabbit IgG (Cell Signaling Technology; 
#7074P2) secondary antibodies in TBST for 30 min at room 
temperature. Luminescence signals on the membranes were 
detected by an image reader (LAS-4000 system; Fujifilm, Tokyo, 
Japan) with SignalFire ECL Reagent (Cell Signaling Technology; 
#6883S). The acquired images were processed with Multi Gauge 
version 3.1 software equipped with the LAS-4000 system and 
iBright CL1000 (Invitrogen).

Immunofluorescence microscopy

U251 MG (KO) cells were cultured in noncoated Cell Carrier 
96-well plates. After washing with phosphate-buffered saline (PBS; 
Wako; #166–23,555), the cells were fixed with 4% 
paraformaldehyde/phosphate buffer solution (Wako; #163–
20,145) for 15–30 min on ice and permeabilized by three 
incubations with 0.1% Triton X-100 in high-salt buffer (500 mM 
NaCl, 1 mM NaH2PO4∙2H2O, 9 mM Na2HPO4, and 0.1% Tween 
20) for 10 min at room temperature. The cells were then treated 
with 1% bovine serum albumin (Sigma; #A7030-100G) for 30 min 
at room temperature and incubated with mouse monoclonal anti-
phospho-Histone H2A.X (Ser139; Millipore; #05–636), mouse 
monoclonal anti-FUS (Santa Cruz Biotechnology; #sc-47711; 
diluted 1:250), rabbit polyclonal anti-G3BP1 or mouse monoclonal 
anti-G3BP (Bethyl Laboratories, Montgomery, TX; #A302-033A; 
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diluted 1:250, BD Transduction #611127 diluted 1:500), rabbit 
polyclonal anti-TDP-43 (Proteintech; #1078-2-AP; diluted 1:250), 
anti-Flag-M2 (Sigma F3165 1:500), anti-QKI5 (Bethyl 
Laboratories; diluted 1:500), anti-GFP (Proteintech, #50430-
2-AP 1:250 & Rockland #600–101-215 1:250) primary antibodies 
in low-salt buffer (0.05% Tween 20 in PBS) overnight at 4°C. After 
three 5-min washes with high-salt buffer at room temperature, the 
cells were incubated with Alexa Fluor 488 goat anti-rabbit IgG 
(H + L; Invitrogen; #A11034) and Alexa Fluor 594 goat anti-mouse 
IgG (H + L; Invitrogen; #A11032) secondary antibodies in a 
low-salt buffer for 30 min at room temperature. After three 5-min 
washes with high-salt buffer at room temperature, 
immunofluorescence signals were observed under a fluorescence 
microscope (Keyence, Osaka, Japan; BZ-X710 and BZ-X810) 
equipped with a 20× (Nikon, Tokyo, Japan; PlanApo l, NA = 0.75) 
or 40× (Nikon; PlanApo l, NA = 0.95) objective lens, and images 
were acquired with the equipped software (BZ-X Viewer 
and Analyzer).

Measurement of Venus-positive granule 
signal intensities

Images were acquired with an IN Cell Analyzer 6000 system 
(GE Healthcare Japan) using a 40× objective lens. The intensities 
of Venus fluorescence signals in cytosolic SGs or nuclear granules 
were calculated from the acquired images using IN Cell Developer 
Toolbox software (GE Healthcare Japan).

The precise method used for quantification was as follows.
Step  1: “Nucleus” segmentation using images of Hoechst 

staining. The “nuclear center” was predefined as a seed region in 
the nucleus with the objective segmentation module and 
postprocessing nodes, such as erosion and sieving. The “nucleus” 
was defined as the nuclear region corresponding to the “nuclear 
center” with the objective segmentation module. Postprocessing 
nodes, such as clump breaking with the “nuclear center,” erosion, 
sieving, and border object removal, were used to separate spatially 
close nuclei and properly segment the diverse nuclear phenotypes.

Step  2: “Cell” segmentation using images from the Venus 
channel. The “cell” was defined as the cellular region with the 
objective segmentation module, with high sensitivity to detect 
weak signals. Postprocessing nodes, such as erosion, clump 
breaking using the “nucleus,” sieving, and filling holes, were used 
to separate spatially close cells adequately.

Step 3: “Granule” segmentation. The Venus-FUS fluorescence 
images were used to detect textures, such as granules and vesicles, 
which were recognized by the vesicle segmentation module. The 
“cell” and “nucleus” were linked with the “granules” using a 
one-to-many target linking approach to quantify the density × 
area of “granules” in each cell.

Step  4: Measurement nodes. After individual cells were 
segmented, the total vesicle intensity and nuclear vesicle intensity 
per cell were calculated. The cytosolic vesicle intensity per cell was 
calculated using the following equation: “Cytosolic vesicle 

intensity per cell” = “total vesicle intensity per cell” – “nuclear 
vesicle intensity per cell.”

Compound screening

The human astrocytoma cell line U251 MG (KO) was grown 
in DMEM (high glucose, GlutaMAX Supplement, containing 
pyruvate; Life Technologies, #10569–010) supplemented with 10% 
FBS (Corning, #35-076-CVR) and penicillin–streptomycin 
solution (Wako, #168–23,191) and maintained at 37°C in 5% CO2. 
mCherry-G3BP1-and Venus-FUSP525L-expressing U251 MG (KO) 
astrocytoma cells were seeded separately in a Cell Carrier-384 
Ultra Plate (6057302) at 3000 cells/well and incubated in a CO2 
incubator at 37°C overnight. Approximately 8,000 compounds 
were tested at a single concentration (3 μM) on the 1st screen. For 
the 2nd screen, 303 compounds adjacent to the 61 hit compounds 
identified in the 1st screen were tested at four concentrations (10, 
3, 0.3, and 0.03 μM). After the cells were treated with the 
compounds overnight, calicheamicin (CLM; 100 nM; MedChem 
Express, #HY-19609/CS-5320) and NU7441 (1 μM, Wako, #149–
09003) were added simultaneously and incubated in a CO2 
incubator at 37°C for 3.5–5 h. Then, the cells were fixed with 4% 
PFA (containing Hoechst 33258 or Hoechst 33342) and washed 
with PBS. Images were acquired using an IN Cell Analyzer 6,000 
(GE Healthcare Japan) with a 40x objective lens. Granular Venus 
fluorescence signals in the cytoplasm or nucleus were analyzed 
with the IN Cell Developer Toolbox (GE Healthcare Japan). The 
intensity of nuclear granules was quantitated as “intensity of all 
granules” - “intensity of nuclear granules.”

Results

Subcellular localization of Venus-tagged 
FUSWT and mutated FUS proteins in 
response to DNA damage stress

To investigate the change in the subcellular localization of 
mutated FUS proteins in response to DNA damage stress, 
we generated U251 MG (KO) cells that stably expressed FUSWT 
(Venus-FUSWT) and mutated FUS proteins tagged with Venus, an 
improved yellow fluorescent protein (Nagai et  al., 2002), to 
observe the effects of DNA damage stress. As expected in our 
previous study (Nogami et  al., 2021a), treatment with 
calicheamicin (CLM) induced shifts in the Venus-FUSWT and 
Venus-FUSH517D protein bands in addition to endogenous FUS at 
high molecular weights, indicating that hyperphosphorylation of 
these proteins in response to DNA damage stress. In contrast, the 
Venus-FUSP525L protein was not phosphorylated well, and its 
nonphosphorylated form remained after CLM treatment 
(Figures 1A,B). These results indicated that the Venus-FUSP525L 
protein had a lower ability about 30% to undergo phosphorylation 
by DNA-PK than the Venus-FUSWT and Venus-FUSH517D proteins 
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(Figure 1B). We next investigated the subcellular localization of 
the Venus-FUSWT, Venus-FUSH517D, and Venus-FUSP525L proteins 
by microscopy. In the absence of DNA damage stress, the Venus-
FUSWT and Venus-FUSH517D proteins were mainly localized in the 
nucleus, while the Venus-FUSP525L protein was distributed not only 
in the nucleus but also in the cytosol, similar to G3BP1 protein, 
known as a cytosolic RBP (Figure 1C). Upon CLM treatment, the 
Venus-FUSWT and Venus-FUSH517D proteins remained in the 
nucleus, while the Venus-FUSP525L protein was translocated into 
cytosolic SGs, co-labeled with G3BP1 protein as a marker for 
cytosolic SGs (Figure  1C). After cotreatment with CLM and 
NU7441, an inhibitor of DNA-PK, which is known to be a kinase 
of FUS (Deng et al., 2014), the Venus-FUSWT, Venus-FUSH517D and 

Venus-FUSP525L proteins were obviously translocated into cytosolic 
SGs (Figure  1C). Importantly, we  confirmed that most of the 
cytoplasmic granules of Venus-FUSwt and mutants are G3BP1-
positive SGs under the cotreatment with CLM and NU7441 
(Supplementary Figures 1A–C).

In a previous report, the topoisomerase I  inhibitor 
camptothecin rapidly induced the translocation of FUS into the 
nucleolus (Martinez-Macias et al., 2019). We also observed the 
translocation of FUS into the nucleolus, which is a fibrillarin-
positive nuclear structure, by a similar stimulus, i.e., the 
CLM-induced DNA damage response. Interestingly, this nucleolar 
localization was also observed in FUSWT, FUSP525L and FUSH517D, 
suggesting the independence on FUS mutation (Figure 1D). To 

A B

C D

FIGURE 1

Subcellular localization of Venus-tagged FUSWT (Venus-FUSWT) and mutated FUS proteins in living cells. (A) U251 MG (KO) cells overexpressing 
Venus-FUSWT, Venus-FUSH517D, and Venus-FUSP525L were generated, and Western blotting with an anti-FUS antibody was performed to confirm the 
expression of Venus-tagged FUS. Cells were treated with 100 nM calicheamicin (CLM) for 1 and 6 h. An anti-”TDP-43/hnRNPA1/β-actin” antibodies 
were used as a control. (B) Quantification of ratio between phosphorylated FUS associated with band shift and normal molecular weight FUS band 
in endogenous and Venus-FUSWT, Venus-FUSH517D and Venus FUSP525L at the normal and CLM 6 h treatment with the Image J. The migration of 
Venus-FUSP525L protein shows significantly lower compared to other FUS variants by CLM stimulation. Asterisk indicates significant change from 
three independent experiments (t-test p < 0.001). (C) The subcellular distribution of Venus-FUSWT, Venus-FUSH517D, and Venus-FUSP525L (Green) co-
stained with G3BP1 (Red), a marker for SGs and Hoechst (Blue), a marker for nuclei was observed in cells by fluorescence microscopy. Cells were 
treated with the DNA-PK inhibitor NU7441 (1 μM) for 3 h and were then treated with 100 nM CLM or DMSO (control) for 6 h in the presence of 1 μM 
NU7441 or DMSO (control). Arrowheads indicate G3BP1 positive cytosolic SGs with Venus-FUSWT or Venus-FUS mutant proteins. Scale bar: 20 μm. 
(D) The Venus-FUSWT, Venus-FUSH517D and Venus-FUSP525L protein were colocalized with the nucleolar marker fibrillarin in a CLM-dependent 
manner by CLM stimulation for 6 h. Scale bar: 10 μm.
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better understand the translocation mode of FUS proteins and SG 
formation, we  conducted live cell imaging of Venus-FUSWT, 
Venus-FUSP525L, and mCherry-tagged G3BP1 (mCherry-G3BP1) 
proteins. SG formation was monitored via the subcellular 
localization of mCherry-G3BP1. Within 3 h after CLM treatment, 
formation of mCherry-G3BP1-positive cytosolic SGs was 
observed, but Venus-FUSWT remained in the nucleus, although 
nucleolar accumulation of FUS was observed (Figure 2A). At 6 h 
after CLM treatment, Venus-FUSWT was translocated into 
cytosolic SGs, while the nucleolar accumulation of FUS was 
relatively weakened (Figures 2A,B). These results mirrored the 
localization of endogenous FUS and another fusion tag protein 
FLAG-FUSWT, which was not translocated into cytosolic SGs 
within 3 h after treatment with CLM and NU7441 but was 
translocated at 6 h (Nogami et al., 2021a; Supplementary Figure 1B). 
On the other hand, Venus-FUSP525L was partially translocated into 
cytosolic SGs at 3 h after cotreatment with CLM/NU7441 and fully 
translocated into cytosolic SGs at 6 h (Figure  2A). These 
observations suggest that G3BP1-positive SGs first form, and 
cytosolic nonphosphorylated FUS is then incorporated into 
G3BP1-positive cytosolic SGs during DNA damage stress under 
the impairment of DNA-PK activation by treatment with NU7441, 
indicating the unique feature of the FUS protein for FUS-SGs 
formation. In fact, we have obtained the consistent result that 
show the DNA-PK dependency by immunocytochemistry for 
endogenous FUS protein. On the other hands, another nuclear-
enriched RBP, TDP-43 translocate to the cytoplasm and into SGs 
after stimulation with CLM alone, similar to G3BP1, while the 
localization of QKI5 does not change even under cotreatment 
with CLM/NU7441 for 6 h (Supplementary Figures 2A–C).

A role of Ser/Thr residues in the 
N-terminal region of FUS in the 
protective effect against mislocalization 
to cytosolic SGs

We observed that Venus-FUSP525L is more likely to 
mistranslocate into cytoplasmic SGs with CLM treatment alone 
and is less efficiently phosphorylated by DNA-PK than are Venus-
FUSWT and Venus-FUSH517D (Figures 1A–C). Considering that 12 
Ser/Thr residues in the N-terminal region of FUS are 
phosphorylated by DNA-PK (Deng et al., 2014; Monahan et al., 
2017), we  hypothesized that the impaired phosphorylation of 
FUSP525L is the cause of FUSP525L mislocalization into cytoplasmic 
SGs. To elucidate the roles of the 12 phosphorylation sites in FUS, 
we replaced these 12 Ser/Thr residues with Ala and Asp residues 
to generate DNA-PK–non-phosphorylatable forms and DNA-PK 
phospho-mimic forms, respectively, in Venus-FUSWT and Venus-
FUSP525L (Supplementary Figure 3A). The Venus-FUSWT-Ala and 
Venus-FUSWT-Asp protein bands on the SDS–PAGE gels were 
consistent with the nonphosphorylated and phosphorylated forms 
of the Venus-FUS proteins, respectively (Figure 3A). Importantly, 
we confirmed that the band shift associated with CLM stimulated 

phosphorylation in both endogenous and exogenous FUS were 
cancelled by DNA-PK inhibitor NU7441, reflecting the previous 
reports from phos-tag gel shift assay to prove that the band shift 
of FUS is well correlated to phosphorylation levels (Rhoads et al., 
2018; Nogami et al., 2021a; Supplementary Figure 3B). We found 
that Venus-FUSWT-Asp was not localized into cytoplasmic SGs even 
after treatment with both CLM and NU7441. At the same time, 
Venus-FUSWT-Ala was recruited into cytoplasmic SGs by treatment 
with CLM alone, indicating the unique feature of DNA-PK 
dependent FUS-SGs formation and suggesting the possibility that 
DNA-PK activity protects against recruitment into cytoplasmic 
SGs (Figures 3B,C). However, we did not observe differences in 
nucleolar accumulation in the FUS mutants with the replacement 
of the 12 Ser/Thr residues (Figure 3B).

We next investigated the effects of the 12 Ser/Thr 
phosphorylation sites in Venus-FUSP525L. Interestingly, FUSP525L 
showed a synergistic increase in recruitment to cytoplasmic 
granules and the fluorescence intensity per cell from CLM 
stimulation alone to cotreatment with CLM and NU7441 
(Figures 4A–C; Supplementary Table 1). We confirmed that FUS 

A

B

FIGURE 2

Live imaging of cells stably expressing mCherry-G3BP1, Venus-
FUSWT, and Venus-FUSP525L. (A) Cells were treated with 1 μM 
NU7441 for 3 h and were then treated with 100 nM CLM for 0, 3, 
and 6 h in the presence of 1 μM NU7441. To visualize cytosolic 
SGs, U251 MG (KO) cells overexpressing mCherry-G3BP1 were 
generated and treated with 100 nM CLM for 3 and 6 h. Scale bar: 
50 μm. (B) The cells with white arrows in the images are shown at 
high magnification. The yellow arrowheads indicate SGs in the 
long-exposure image.
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cytoplasmic granule co-stained with G3BP1 positive SGs. On the 
other hand, unlike the other mutants, FUSP525L-Ala showed a 
marked increase in recruitment to cytoplasmic granules with 
CLM stimulation alone but did not show a synergistic increase in 

recruitment to SGs under cotreatment with CLM and NU7441. 
Although the Venus-FUSP525L-Asp mutation failed to inhibit 
recruitment to cytoplasmic SGs, unlike in cells expressing Venus-
FUSWT-Asp (Figures 3B–C), the synergistic increase in recruitment 

A

B

C

FIGURE 3

Effect of replacing 12 S/TQ residues with AQ or DQ residues in the N-terminal region of wild-type and mutant FUS proteins. (A) U251 MG (KO) cells 
stably overexpressing Venus-FUSWT-Ala, Venus-FUSWT-Asp, Venus-FUSP525L-Ala, and Venus-FUSP525L-Asp were cloned, and Western blotting with an anti-
FUS antibody was performed to confirm the expression of Venus-tagged FUS and endogenous FUS proteins in each cell line from three biological 
replicates. Cells were treated with 100 nM CLM for 5 h. An anti-β-actin antibody was used as a control. (B) The subcellular distribution of Venus-
FUSWT, Venus-FUSWT-Ala and Venus-FUSWT-Asp (Green) co-stained with G3BP1 (Red), a marker for SGs and Hoechst (Blue), a marker for nuclei was 
observed in cells by fluorescence microscopy. Cells were treated with 1 μM NU7441 for 1 h and were then treated with 100 nM CLM for 5 h in the 
presence of 1 μM NU7441 or DMSO (control). Arrowheads indicate G3BP1 positive cytosolic SGs with Venus-FUSWT or Venus-FUSWT-Ala proteins. 
Scale bar: 20 μm. (C) Quantitative data of the ratio of G3BP1-SGs-positive cells (Left) and FUS-positive SGs (Right) in total cells (at least 3 biological 
replicates; mean ± SD; *p < 0.001; Dunnett’s test and **p < 0.001 t-test).
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to SGs by cotreatment with NU7441 was abolished (Figures 4A–C; 
Supplementary Table 1). Importantly, nucleolar accumulation of 
all FUSP525L mutants was observed, but no synergistic increase by 
treatment with NU7441 was detected, indicating that nucleolar 
accumulation is not DNA-PK dependent (Figure  4A,D,E; 
Supplementary Table 1). These data suggest that DNA-PK plays a 
protective role against cytosolic mislocalization of FUS to SGs 
through phosphorylation of the FUS N-terminal domain during 
DNA damage stress.

Compound screening

We next performed a compound screen to identify compounds 
that can inhibit CLM-and NU7441-induced formation of FUSP525L-
positive SGs without changing the formation of G3BP1-positive 
SGs as the 1st screen using mCherry-G3BP1-and Venus-FUSP525L-
expressing U251 MG (KO) astrocytoma cell lines. In the 1st 
screening, the 7,658 compounds were evaluated at a single 
concentration (3 μM). To eliminate compounds that were toxic to 
cells, compounds leaving at least 70% more viable cells than 
observed in the control cell group were selected based on cell counts 
from images of nuclear Hoechst staining in both Venus-FUSP525L-
expressing and mCherry-G3BP1-expressing cells (Figure 5A). Next, 
cytoplasmic Venus-FUS puncta that appeared under CLM and 
NU7441 stimulation were quantified, and compounds for which the 
number of puncta was reduced by 40% or less compared to that in 
control cells were selected (116 compounds; Figure 5A). To identify 
compounds that reduced the number of FUS puncta without 
changing the number of SGs, we quantified cytoplasmic mCherry-
G3BP1 puncta that appeared under CLM and NU7441 stimulation 
and selected compounds that reduced the number of puncta to 50% 
or more compared to that in control cells (61 compounds; 
Figure 5A). In the 2nd screen, to check the reproducibility of the 61 
hit compounds from the 1st screening, 303 compounds, including 
the compounds adjacent to the 61 hits, were evaluated at 4 
concentrations (10, 3, 0.3, and 0.03 μM). To exclude false-positives, 
the compounds showing concentration dependency with a low 
signal-to-noise ratio were selected from the compounds that 
reduced the FUS-positive SG count without reducing the G3BP1 
SG count, as in the 1st screen. Finally, we obtained 23 compounds 
as hit compounds (Figure 5A). The representative compound F-17, 
showing a typical trend, was a commercially available compound—
MI-2, also known to be  a Menin-MLL interaction inhibitor 
(Figures 5B,C). Importantly, we confirmed that compound F17 did 
not affect cell viability at any concentration under the CLM and 
NU7441 stimulation (Supplementary Figures 4A,B). We next tested 
whether these compounds truly inhibit the localization of not only 
exogenous FUSP525L-SGs but also endogenous FUS protein to SGs. 
First, we  confirmed that endogenous FUS also localized in 
mCherry-G3BP1-positive stress granules upon cotreatment with 
CLM and NU7441 (Supplementary Figure  1C). We  used three 
commercially available compounds—spautin-1 (F1), known to 
be  an autophagy inhibitor via targeting two ubiquitin-specific 
peptidases (USP-10 and USP-13) (Liu et al., 2011), the Menin-MLL 

interaction inhibitor (Grembecka et al., 2012) MI-2 (F17), and MI-3 
(F16)—and observed their effects on endogenous FUS localization 
into SGs. Pretreatment with any of the three compounds (3 μM) 
obviously inhibited the localization of endogenous FUS to SGs 
without altering the localization of G3BP1 or TDP-43 proteins to 
SGs, indicating the validity of our compound screen (Figures 5D,E). 
In addition, treatment with these three compounds did not alter the 
protein level of endogenous FUS itself (Supplementary Figure 5). 
Furthermore, we examined FUS into SGs inhibitory activity in the 
ALS-linked mutations of FUS using two compounds, F1 and F17, 
which is the same molecular target with F16 since mutant FUS 
proteins have been shown to localize SGs due to oxidative stress, 
such as arsenite unlike wild-type FUS proteins 
(Supplementary Figure  6A). However, no inhibitory activity of 
mutant FUS into SGs was observed, possibly due to the different 
molecular pathways do not DNA damage response 
(Supplementary Figure  6B,C). Finally, we  added the list of hit 
compounds, including graphs showing the concentration 
dependence of the counts of FUS-and G3BP1-positive SGs and 
their IC50 (μM) of the number of FUS-positive SGs with 
compounds structure (Figure 6; Supplementary Table 2).

Discussion

We previously reported the localization of the FUS protein to 
cytoplasmic SGs by a combination of DNA damage induction and 
treatment with an inhibitor of DNA-PK (Nogami et al., 2021a). In 
the present study, we  clarified the requirement for DNA-PK 
activity in the localization of FUS to cytoplasmic SGs in detail by 
using Venus-tagged FUS proteins carrying ALS-linked mutations 
and mutations in the sites of DNA-PK–regulated phosphorylation. 
Using this system, we also screened small molecule compounds 
that inhibited FUS localization but not G3BP1 to cytoplasmic SGs. 
As a result, we  identified small molecule compounds with 
activities such as protein kinase inhibition and chromatin 
regulation. The effects of these compounds on the translocation of 
endogenous FUS protein were also validated (Figures 5, 6).

SGs are structural membraneless organelles that are 
thought to be one of the cellular defense components essential 
for maintaining cellular function. SGs contain mainly mRNAs 
and cytoplasmic RNA-binding proteins; for example, G3BP1 is 
a major marker protein (Gomes and Shorter, 2019). SGs can 
divide specific sub compartments, cores versus shells. G3BP1 
exists in SGs cores and is a key protein of SGs formation. Upon 
stress, ALS-associated RBPs, such as FUS and TDP-43, may 
contribute towards formation of SGs shell component, which 
is sensitive to RNase treatment (Fang et al., 2019). Previous 
report have indicated that siFUS KD, but not siTDP-43, did not 
affect the SGs assembly (Aulas et al., 2012). In our cell system, 
the nuclear-enriched RBP FUS does not localize to SGs and 
affect SGs formation in response to arsenite stimulation, 
suggesting FUS does not play a role of SGs formation. On the 
other hand, the C-terminal mutants of FUS, such as FUSH517D, 
FUSR521C, and FUSP525L, which harbor various mutations in FUS 
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FIGURE 4

Synergistic effect of replacing 12 S/TQ residues with AQ or DQ residues in the N-terminal region of FUSP525L on SG formation during CLM/NU7441 
stimulation. (A) The subcellular distribution of Venus-FUSP525L, Venus-FUSP525L-Ala, and Venus-FUSP525L-Asp proteins co-stained with G3BP1 (Red), a 
marker for SGs and Hoechst (Blue), a marker for nuclei was observed by fluorescence microscopy. Cells were pretreated with 1 μM NU7441 and 
were then treated with 100 nM CLM in the presence of 1 μM NU7441 or DMSO (control) for 5 h. Scale bar: 20 μm. (B,C) Quantification of Venus 
fluorescence signals at cytosolic granules and fold changes of their signals to each control of Venus-FUSP525L, Venus-FUSP525L-Ala and Venus-FUSP525L-

Asp with the IN Cell Analyzer imaging system. The result of statistical analysis is shown in  Supplementary Table 1. (D,E) Quantification of Venus 
fluorescence signals at nuclear granules and fold changes of their signals to each control of Venus-FUSP525L, Venus-FUSP525L-Ala and Venus-FUSP525L-

Asp with the IN Cell Analyzer imaging system. Asterisk indicates significant change relative to FUS derivates-SGs containing cells of DMSO control 
with CLM + NU7441 treatment (t-test p < 0.001). The result of statistical analysis is also shown in  Supplementary Table 1.
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identified as ALS-linked mutations, show evident recruitment 
to SGs under stress conditions (Higelin et al., 2016; Ichiyanagi 
et al., 2016; Supplementary Figure 6A). This could be due to 
cytoplasmic leakage of the mutated FUS protein itself, caused 

by its weakened nuclear translocation signal. It has also been 
reported that the cytoplasmic localization of these three 
mutants correlates with the severity of neurodegeneration in 
ALS, suggesting a risk of cytoplasmic leakage (Dormann et al., 

A B

C

D

E

FIGURE 5

Compound screening for inhibition of FUS-containing SG formation. (A) Compound screening flowchart. See the methods section for details. 
(B) Dose-response curve of Compound F17 as one of the 23 hit compounds. T-3811487 (3 μM), a representative hit compound, did not inhibit the 
formation of G3BP1-positive SGs (black line) but inhibited the localization of FUSP525L (red line) to SGs. The vertical axis shows the inhibition rate (%) 
of granule formation. (C) Fluorescence image of cells treated with 3 μM F17. The scale bars represent 20 μm. (D) Validation of the effects of the hit 
compounds on endogenous FUS protein localization. U251MG (KO) cells were pretreated with 3 μM F1, F16, and F17 and were then treated with 
100 nM CLM and 10 μM NU7441 or with DMSO (control) for 6 h. The images show immunocytochemistry for G3BP1-positive puncta G3BP1 (green) 
and Hoechst (blue), control for SGs, TDP-43 (red), and FUS (green). The arrowheads indicate FUS-positive SGs. The scale bars represent 20 μm. 
(E) Relative population of the cells containing cytosolic stress granules were calculated to total cells. Values represent mean ± SD. Asterisk indicates 
significant change relative to FUS-SGs containing cells of DMSO control with CLM + NU7441 treatment (t-test p < 0.001).

219

https://doi.org/10.3389/fnmol.2022.953365
https://www.frontiersin.org/journals/molecular-neuroscience


Nogami et al.� 10.3389/fnmol.2022.953365

Frontiers in Molecular Neuroscience 11 frontiersin.org

2010). Therefore, the localization of insoluble and aggregating 
molecules such as FUS in SGs is considered a risk factor for 
neurodegeneration, as opposed to SG formation as an intrinsic 
stress defense function. Modifying the FUS translocation to SG 
without inhibiting SGs assembly by small molecules might 
be useful like a previous study for TDP-43 protein (Fang et al., 

2019). However, we could not deny the possibility of secondary 
effects by the compounds, including inhibition of unknown 
function of wild type FUS protein and nuclear-retained 
mutated FUS proteins in SGs. Other groups and we  have 
reported that the endogenous FUS migrates to SGs in response 
to DNA damage stress mediated by topoisomerase I induction 

FIGURE 6

A list of 23 hit compounds that inhibit FUS-positive SG formation. Structures of the 23 hit compounds except for F17 are shown in Figure 5B and 
dose-response curves for reduced mislocalization of FUSP525L at cytosolic SGs.
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or CLM stimulation (Rhoads et  al., 2018; Martinez-Macias 
et al., 2019; Nogami et al., 2021a). In particular, we argue that 
the translocation of endogenous FUS to SGs is dependent on 
DNA-PK activity (Figure 3; Nogami et al., 2021a). Although 
ATM pathway, which is another down stream of DNA damage 
response, have not been considered in this study, we believe 
that DNA-PK activity plays important roles in FUS cellular 
dynamics as evidenced by the solubility of phospho-mimic 
mutant FUS protein (Supplementary Figure 7A). In contrast, 
the other nuclear-enriched RBPs, TDP-43 and QKI5 behaved 
differently under DNA damage stress conditions, showing no 
DNA-PK dependence (Supplementary Figure 2). While these 
three proteins show broadly similar nuclear subcellular 
localization under unstressed conditions, TDP-43 is 
concentrated in the nucleus at Gem, and nuclear speckles 
(Tsuiji et al., 2013), and QKI5 is localized at nuclear speckles 
and regulates pre-mRNA splicing in neural stem cells 
(Hayakawa-Yano et al., 2017). The difference in the mechanism 
of subcellular translocation of these three nuclear RBP families 
might be  due to their distinct NLS types and protein 
modifications (Wu et al., 1999; Lee et al., 2006; Hofweber et al., 
2018; François-Moutal et  al., 2019). Given the above 
observations, the activation of DNA-PK and the control of the 
corresponding signaling pathway by the compounds found in 
this study might provide critical tools to mitigate FUS-specific 
condensation and aggregation, thereby ameliorating 
FUS-ALS pathology.

In this study, we found that the FUS protein rapidly localizes to 
the nucleolar cap before the formation of FUS-positive cytoplasmic 
granules. The localization of endogenous and Venus-tagged FUS to 
the nucleolus, specifically in response to topoisomerase I-induced 
DNA cleavage, has recently been reported (Martinez-Macias et al., 
2019). Alternatively, it has been reported that transcription-
arresting agents also induce FUS accumulation in pol-II DNA 
damage foci, and this accumulation could be  involved in the 
prevention or repair of R-loop–associated DNA damage (Hill et al., 
2016). Interestingly, our observations indicate that FUS does not 
localize to the nucleolus under steady-state conditions but rapidly 
changes its localization to the nucleolus upon induction of DNA 
damage by CLM (Figure 1D) and that when the localization of FUS 
to cytoplasmic SGs occurs, the localization of FUS to the nucleolus 
is decreased (Figure 2B). Our analysis did not clarify whether the 
FUS localized to cytoplasmic SGs originates from the nucleolar cap 
during CLM/NU7441 stimulation. On the other hand, we found 
that this localization of FUS to SGs was synergistically increased by 
cotreatment with CLM and NU7441; in contrast, the translocation 
of FUS to the nucleolus did not show a synergistic response, 
suggesting that the mechanism of nucleolar localization is 
independent of DNA-PK activity (Figures 4D,E). In the future, 
further analysis, including the various compounds that 
we identified in this study, will clarify the mechanisms involved in 
the translocation of FUS from the nucleolar cap and SG formation.

Among the 23 compounds, we found several compounds 
that act on p38 MAP kinase pathways in this study. 

Significantly, the general p38 MAP kinase inhibitor SB203580 
also inhibited the localization of endogenous FUS to SGs 
(Supplementary Figure  7B). In addition, F17, listed as an 
example of a representative compound in Figure  5, was a 
Menin-MLL interaction inhibitor; this compound is also called 
MI-2 and is a commercial compound. Importantly, MI-3, 
which also showed a similar action, was also identified as a hit 
compound; therefore, this chromatin-regulating pathway is 
thought to be involved in the inhibition of FUS translocation. 
Both of these compounds, as expected, inhibited the formation 
of FUS-positive SGs under CLM/NU7441 cotreatment 
(Figures 5D,E). Although the present U251 cellular model is 
actually a limitation in this study, we would like to extend such 
effects to the 23 other compounds and validate them by using 
previous our iPS-derived motor neuron models in the future. 
Another significant compound is F7, berberine chloride, which 
is an alkaloid also known to be  a ligand of DNA/RNA 
G-quadruplexes (Che et al., 2018; Dumas et al., 2021). Recently, 
the interaction between FUS/FUS-ALS mutations and 
G4-DNA/RNA was well characterized based on G4-RNA–
dependent LLPS and liquid-to-solid transition in vitro 
(Ishiguro et al., 2021a,b). In both in vitro and in vivo systems, 
the roles of FUS, G4-RNA interactions, and G4-RNA ligands 
in SG and aggregate formation will be further studied in the 
future. These results suggest that it must be feasible to enrich 
target candidates in screens using our biologically annotated 
library and conventional chemical screens. However, we did 
not find a common biological pathway to which all hit 
compounds directly correlate, suggesting that each compound 
acts to mitigate the formation of FUS-SGs through different 
molecular pathways. Therefore, these hit compounds can 
be used as tools to elucidate the mechanisms of FUS localization 
to several intracellular membraneless organelles and FUS 
protein aggregation. Finally, we hope that these compounds 
will help to elucidate the FUS aggregation mechanism and the 
etiological mechanisms of ALS and neurodegeneration.
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Introduction: Autism spectrum disorder (ASD) is a group of neurodevelopmental 

disorders mainly representing impaired social communication. The etiology 

of ASD includes genetic and environmental risk factors. Rodent models 

containing ASD risk gene mutations or environmental risk factors, such as 

exposure to maternal inflammation, show abnormal behavior. Although 

zebrafish conserves many important brain structures of humans and has 

sophisticated and fine behaviors in social interaction, it is unknown whether 

the social behaviors of their offspring would be impaired due to exposure to 

maternal inflammation.

Methods: We exposed zebrafish to maternal immune activation (MIA) by 

injection with polyinosinic:polycytidylic acid [poly(I:C)], and screened their 

behaviors through social behavioral tests such as social preference and 

shoaling behavior tests. We compared phenotypes resulted from different 

ways of poly(I:C) exposure. RNA sequencing was performed to explore the 

differential expression genes (DEGs). Gene ontology (GO), Kyoto Encyclopedia 

of Genes and Genomes (KEGG) and protein–protein interaction (PPI) network 

analysis was performed with the detected DEGs to find the concentrated 

pathways. Finally, we knocked out the fatty acid-binding protein 2 (fabp2), a 

key node of the concentrated PPI network, to find its rescues on the altered 

social behavior.

Results: We reported here that MIA offspring born to mothers injected 

with poly(I:C) exhibited impaired social approach and social cohesion that 

mimicked human ASD phenotypes. Both maternal exposure and direct 

embryo exposure to poly(I:C) resulted in activations of the innate immune 

system through toll-like receptors 3 and 4. RNA-sequencing results from 

MIA brain tissues illustrated that the numbers of overexpressed genes were 
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significantly more than that of underexpressed genes. GO and KEGG analyses 

found that MIA-induced DEGs were mainly concentrated in complement and 

coagulation cascade pathways. PPI network analyses suggested that villin-1 

(vil1) pathway might play a key role in MIA-induced ASD. Knockout of fabp2 in 

F0 zebrafish rescued the social behavior deficits in MIA offspring.

Conclusions: Overall, our work established an ASD model with assessable 

behavior phenotype in zebrafish and provided key insights into environmental 

risk factor in ASD etiology and the influence of fabp2 gene on ASD-like 

behavior.

KEYWORDS

autism, F0 knockout, zebrafish, social interaction, shoaling, fabp2

1. Introduction

Autism spectrum disorder (ASD) is a group of 
neurodevelopmental disorders with genetic and clinical 
heterogeneity characterized by altered social communication, 
unusually restricted interests, and repetitive behavior (Lai et al., 
2014). The etiology of ASD includes environmental and genetic risk 
factors (Lyall et al., 2017). Next-generation sequencing approaches 
have found a large number of high-risk genes in ASD (O'Roak 
et al., 2012; Yuen et al., 2017). Mice containing ASD risk gene 
mutations showed abnormal behavior, including social disorder (Ey 
et al., 2011; Crawley, 2012). Similar behavioral abnormalities were 
observed in mouse models of environmental risk factors for ASD, 
such as exposure to maternal inflammation (Patterson, 2011). 
These models deepen our understanding of the mechanisms 
underlying ASD at both molecular and neural levels. However, 
preparing mouse models of ASD is time-consuming and laborious, 
and the yield is limited, especially when a large number of 
disordered animals are needed such as for targeted drug screening.

The zebrafish (Danio rerio) is an easy-to-handle vertebrate 
model for neuroscience research (Kalueff et  al., 2014). Recent 
evidence suggests that it conserves many important human brain 
structures, such as the amygdala, hippocampus and hypothalamus 
(Parker et al., 2013) and that it has a sophisticated and fine behavior 
in social interaction, anxiety, aggression, learning and cognition 

(Kalueff et al., 2014). Since zebrafish and human genomes are highly 
conserved with more than 80% of human disease genes presenting 
in zebrafish (Howe et al., 2013), zebrafish has been widely used as a 
useful tool to clarify the functions of human candidate genes for 
ASD. However, after knockout of human high-risk genes of ASD, 
zebrafish offspring does not always show an autism-like phenotype, 
which limits its use for testing novel treatment and for drug 
screening. Although it is possible to knockout multiple genes with a 
single embryo microinjection in this model (Parvez et al., 2021), the 
low success and high mortality rate is a significant challenge. On the 
other hand, immune alterations are shown to play key roles in the 
mechanism of ASD. Immune abnormalities are associated with 
increased risk of ASD in children (Atladóttir et al., 2010), occurrence 
of psychiatric and non-psychiatric comorbidities of ASD (Wakefield, 
2002; Wakefield et al., 2005; Ashwood and Wakefield, 2006), and 
many other features of ASD including mood and sleep disturbances. 
In rodents, exposing to maternal inflammation, i.e., maternal 
immune activation (MIA; Patterson, 2011), impairs sociability in 
offspring and serves as an environmental risk factors-ASD model. 
Although zebrafish has multiple advantages for ASD research as 
mentioned above, it is unknown whether sociability would also 
be impaired in MIA offspring.

A zebrafish model of ASD that involves environmental risk 
factors and immune alterations would be  valuable not only for 
studying the pathology, comorbidity, and underlying mechanisms of 
ASD, but also for treatment development and drug screening. Here, 
we  established that the social behavior is impaired in zebrafish 
offspring exposed to MIA by comparing them with those of direct 
embryo exposure of environmental risk factor. Since the mechanisms 
underlying MIA-induced ASD has not been fully understood, 
we  analyzed differential gene expressions (DEGs) and protein 
interactions in MIA-induced ASD zebrafish. Finally, we identified a 
gene [fatty acid-binding protein 2 (fabp2)] that was the only one of 
the top 10 co-expressed differential genes of both MIA and in vitro 
exposure of environmental risk factor and interacted with the key 
node [villin-1 (vil1), a gene encoding actin-binding proteins] of 
protein–protein interaction (PPI) network. It was upregulated in 
MIA offspring but downregulated in offspring with direct embryo 

Abbreviations: ASD, Autism spectrum disorders; DEG, Differential expression 

genes; DNB, DNA nanoball; dpf, Days post-fertilization; E3, Embryonic media; 

Fabp2, Fatty acid-binding protein 2; GO, Gene ontology; i.p., Intraperitoneal 

injection; IFABP, Intestinal fatty acid binding protein; KEGG, Kyoto Encyclopedia 

of Genes and Genomes; LC50, Half-maximal lethal concentrations; MIA, 

Maternal immune activation; mpf, Months post-fertilization; NTT, Novel tank 

test; OFT, Open field test; PBS, Phosphate buffered solution; PIVE, 

Polyinosinic:polycytidylic acid in vitro exposure; PPI, Protein–protein 

interactions; Poly(I:C), Polyinosinic:polycytidylic acid; RT-qPCR, Reverse 

transcription quantitative PCR; SEM, Standard error of the mean; SS, Social 

stimulus; TLR, Toll-like receptor; TS, Test subject; Vil1, villin-1; WT, Wild type.

225

https://doi.org/10.3389/fnmol.2022.1068019
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org


Wu et al.� 10.3389/fnmol.2022.1068019

Frontiers in Molecular Neuroscience 03 frontiersin.org

exposure to environmental risk factor. Importantly, knockout of this 
gene rescued the social behavior deficits in both MIA and in vitro 
exposure of environmental risk factor offspring.

2. Materials and methods

2.1. Zebrafish care and husbandry

All experiments and animal handling were performed 
according to the Guide for the Care and Use of Laboratory 
Zebrafish by the China Zebrafish Resource Center and were 
approved by the Animal Care and Use Committee at Zhejiang 
University School of Medicine (16779). Wild-type (WT) zebrafish 
(Danio rerio) AB strain was housed in a modular zebrafish system 
(Haisheng, China), and all fish were kept in a 10-h dark / 14-h 
light cycle, and 28 ± 0.5°C filtered and UV sterilized water. For 
breeding, after keeping adult female and male fish separate 
overnight in a 1-L crossing tank, we released them by removing 
the divider at 8–9 am the next morning and collected the fertilized 
embryos within 1 h after their releasing. After being maintained 
in embryonic media E3 for 24 h, healthy embryos were selected 
and raised regularly (See Additional file 1: File S1).

2.2. MIA and polyinosinic:polycytidylic 
acid (poly(I:C)) in vitro exposure (PIVE)

Poly(I:C) was used to establish MIA in zebrafish as previously 
reported in pregnant dams (Kim S. et  al., 2017). For PIVE, 
we evaluated the toxicity of poly(I:C) by using embryos of 1–6 days 
post-fertilization (dpf; Aspatwar et  al., 2019). In brief, healthy 
fertilized embryos (1 dpf) were randomly placed into a 200 μl volume 
of E3 or E3 with gradient concentrations of poly(I:C) (528,906, 
Millipore; 10, 50, 100, 250, 500, 750, or 1,000 μM) for the next 
consecutive 5 days. The embryos/larvae were carefully checked daily 
and the numbers of death, morphological defects of individuals such 
as absence of swim bladder, skeletal abnormality, pericardial edema 
and unhatched embryo, as well as the individuals of abnormal 
movement pattern were checked with a stereo microscope and 
recorded. The half-maximal lethal concentrations (LC50) were 
calculated based on above evaluation (Additional file 2: Figure S1).

A modified MIA by poly(I:C) injection without infections of 
segmented filamentous bacteria was used (Chow et al., 2016; Kim 
S. et al., 2017). In brief, a healthy adult female zebrafish received a 
single intraperitoneal injection (i.p.) of poly(I:C) (20 μg/g or 
50 μg/g; about 5 μl) or received an injection of the same volume of 
vehicle (phosphate buffered solution (PBS)) as control. Basing on 
our results of poly(I:C)-indued immune response (Tsukada et al., 
2021), we chose to mate the fish in 24 h after Poly(I:C) injection. 
For injection (i.p.), after a fish was hypothermic anesthetized, a 
needle (tip 0.1 μm) was gently inserted into the midline of the 
abdomen behind the pectoral fins to a depth of 3 mm. After 
injection, it was put back into reproductive water (28°C). Normally, 

the fish would recover free swimming within 1 min; otherwise, the 
fish was not used for mating (Samaee et al., 2017). We collected 
fertilized embryos within 1 h after mating and the healthy embryos 
were collected the next morning and raised normally. For PIVE, 
after establishing the LC50 (200.7 μM) of poly(I:C), we  used 
concentrations lower than LC50  in our experiments, which 
resulted in little visible morphological defects and low mortality. 
The fertilized embryos (1 dpf) from the wild type (WT) strain were 
raised in E3 with poly(I:C) (10, 50, or 100 μM separately; final 
volume of 200 μl for each embryo by using 96-well plate) for the 
next consecutive 5 days or in E3 with the same volume of vehicle. 
Embryos/larvae were examined daily under a stereo microscope, 
and the numbers of death, morphological defects and abnormal 
movement-pattern were recorded. The fish were raised under 
normal husbandry from 6 dpf.

2.3. Measurement of immune response 
parameters

For maternal immune response induced by poly(I:C) at 24 h 
after injection, the fish were anesthetized by low-temperature, and 
the liver, brain, spleen and intestine tissues were collected, quickly 
frozen and stored at −80°C. There were 1–2 biological repeat 
samples in each group (n = 1–2), which was a mixture of tissue 
samples of 7 zebrafish individuals (20 mg) (Figure 1A). For immune 
response of MIA offspring or PIVE larvae, the fish were anesthetized 
at 3, 7, 14, and 21 dpf, respectively. There were two biological repeat 
samples in each group (n = 2), which was a mixture of 10–15 
zebrafish individuals (20 mg) (Figure 1A). The frozen samples were 
thawed in ice, homogenized in ice-cold RIPA (200 μl per 20 mg 
tissue), and then centrifuged to obtain the supernatant (15,000 rpm, 
4°C, 30 min) for further measurement. The immunoglobulin M 
(IgM), complement C4 (C4) and immunoglobulin A (IgA) levels 
were analyzed by using the kits (Nanjing Jiancheng Bioengineering 
Institute, Nanjing, China) according to the manufacturer’s protocols. 
An immunoturbidimetric assay method was used to measure the 
agglutinate produced by the reaction at 340 nm wavelength (Hitachi 
7180 biochemical analyzer).

Poly(I:C) can activate host immune defense through toll-like 
receptor (TLR). To determine immune response to the MIA/PIVE 
treatment, TLR3, TLR4ba and TLR4bb genes were detected by a 
reverse transcription quantitative PCR (RT-qPCR) (see detail in 2.7 
section). At 24 h after the poly(I:C) injection, 3–5 maternal fish, as 
well as at 1 dpf, 3–5 offspring were collected from the MIA-PBS 
and MIA-50 μg/g groups. For PIVE, 3–5 offspring were collected 
from the PIVE-E3 and PIVE-100 μM groups at 1 dpf (PIVE-1) or 
2 dpf (PIVE-2) after a 24 h poly(I:C) treatment (Figure 1A).

2.4. Behavioral analysis

During a light cycle, the fish were transferred to a testing 
room equipped with a high-definition digital camera at least 1 h 
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before the initiation of experiments. Tracking of fish behavior 
was done by using the ImageJ with a wrMTrck plugin (Selvaraj 
et al., 2019). We analyzed the developmental changes of fish 

behavior for both MIA and PIVE. For larvae, the social 
preference test, shoaling behavior and inattentive behavior test 
were used at 7, 14, and 21 dpf; for juvenile and adult zebrafish, 

A

b

G aH b c

E F

B a b C a b D a

FIGURE 1

MIA offspring born to mothers injected with poly(I:C) showed an immune response. (A) For the maternal immune response induced by poly(I:C) 
(MIA-50 μg/g), 24 h after injection, TLR3, TLR4ba, and TLR4bb genes were selected and detected by quantitative RT-PCR, and the immunoglobulin 
M (IgM), complement C4 (C4) and immunoglobulin A (IgA) levels were analyzed by the immunoturbdimetric assay method. For MIA offspring 
TLR3, TLR4ba, and TLR4bb gene levels and IgM, C4 and IgA levels were checked at 1 dpf; as well as for PIVE, TLR3, TLR4ba and TLR4bb gene levels 
and IgM, C4, and IgA levels were tested at 1 dpf (PIVE-1) or 2 dpf (PIVE-2) after a 24 h poly(I:C) treatment. (Ba) TLR3 mRNA expression was up-
regulated in spleen of maternal fish of MIA-50 μg/g group (U = 0, p = 0.0635) compared to that of MIA-PBS group; TLR3 mRNA expression was 
significantly down-regulated in intestinal tissue compared to that in spleen of maternal fish of MIA-50 μg/g group (Z = 3.37, p < 0.05). (Bb) TLR3 
mRNA expression was up-regulated of MIA offspring (U = 3.30, p = 0.0667) compared to that of MIA-PBS group; For PIVE, there was no significant 
change in TLR3 mRNA expression of the offspring collected at 1 dpf after a 24 h poly(I:C) treatment; while TLR3 mRNA expression of the offspring 
collected at 2 dpf after a 24 h poly(I:C) treatment was significantly up-regulated. (Ca) TLR4ba mRNA expression was significantly down-regulated in 
intestinal tissue and liver of maternal fish of MIA-50 μg/g group compared to that of MIA-PBS group (Two-way ANOVA, F = 32.07 for MIA and 
F = 2.40 for Tissue; multiple comparisons test: t = 5.04 and 3.06, p < 0.01 and 0.05, in intestinal tissue and liver, respectively). TLR4ba mRNA 
expression was significantly down-regulated in intestinal tissue compared to that in spleen of maternal fish of MIA-50 μg/g group (t = 3.41, p < 0.05). 
(Cb) TLR4ba mRNA expression did not changed of MIA offspring compared to that of MIA-PBS group; For PIVE, there was no significant change in 
TLR4ba mRNA expression of the offspring collected at 1 dpf after a 24 h poly(I:C) treatment; while TLR4ba mRNA expression of the offspring 
collected at 2 dpf after a 24 h poly(I:C) treatment was significantly up-regulated (U = 0.00, p < 0.05). (Da) TLR4bb mRNA expression was significantly 
down-regulated in intestinal tissue compared to that in spleen of maternal fish of MIA-50 μg/g group (Z = 2.89, p < 0.05). (Db) TLR4bb mRNA 
expression was up-regulated of MIA offspring (U = 1.00, p < 0.05) compared to that of MIA-PBS group; For PIVE, there was no significant change in 
TLR4bb mRNA expression of the offspring collected at 1 dpf after a 24 h poly(I:C) treatment; while TLR4bb mRNA expression of the offspring 
collected at 2 dpf after a 24 h poly(I:C) treatment was significantly up-regulated (U = 1.00, p < 0.05). (E) The levels of IgM were increased of MIA-
50 μg/g offspring at 14 dpf (Z = 2.46, p = 0.08, compared to that of MIA-PBS group). The levels of IgM were significantly increased of PIVE-100 μm 
larvae at 21 dpf (Z = 3.14, p < 0.05, compared to that of PIVE-E3 group). (F) The levels of C4 were not changed significantly of MIA-50 μg/g offspring. 
The levels of C4 were significantly increased of PIVE-100 μm larvae at 21 dpf (Z = 3.43, p < 0.05, compared to that of PIVE-E3 group). (G) The levels of 
IgA were not changed significantly of MIA-50 μg/g offspring. The levels of IgA were significantly increased of PIVE-100 μm larvae at 21 dpf (Z = 3.58, 
p < 0.05, compared to that of PIVE-E3 group). (Habc) IgM, C4 and IgA levels were not changed significantly of maternal fish of MIA-50 μg/g group 
compared to that of MIA-PBS group. Data are presented as mean ± SEM. *p < 0.05; $ p < 0.05 compared with the MIA-PBS group of the same age; % 
p < 0.05 compared with the MIA-20 μg/g group of the same age; @ p < 0.05 compared with the MIA-50 μg/g group of the same age. Detail about the 
n and descriptive data for each group and statistical analysis results could be found in Additional file 11: File S4.
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the social preference test, shoaling behavior, open field test 
(OFT), novel tank test (NTT) and mirror test were used at 1, 2, 
and 3 month(s) post-fertilization (mpf) (Figures 2Aabc, 3Aab, 
4A, 5Aabcd). Detailed information about the test tools is 
provided in Additional file 3: File S2. For all behavioral analysis, 
the test fish must be healthy. Those with obvious deformities or 
immobility within the test time were excluded from 
further analysis.

2.4.1. Social preference test
The social preference test for larvae was carried out as described 

in Dreosti et al. (2015). We used a transparent U-shaped plastic tank 
containing three compartments: a central area (bottom of U-shaped 
tank), the left side and the right side of the U-shaped tank, which were 
separated by two glass barriers located at both side of U-shaped tank 
(3 cm away from the bottom). Briefly, a single fish was introduced into 
the central area for 1 min and permitted to interact with a group of 

A

C

D E

a b c B

FIGURE 2

MIA offspring exhibited impaired social approach. (Aa) Zebrafish were tested for sociability (percentage of time spent investigating social object/
total test time spent) at 7, 14, and 21 dpf (Ab), and 1, 2, and 3 mpf (Ac) after maternal poly(I:C) injection (MIA) or PIVE to fertilized embryos. (B) Video 
tracking of movements of MIA and PIVE larvae at 7, 14, and 21 dpf, showing the social interaction with social cue. (C) Sociability of MIA and PIVE 
larvae at 7, 14, and 21 dpf. MIA impaired the sociability at 21 dpf in 50 μg/g group (Z = 4.16 and 4.06, p < 0.01, compared to that of MIA-Control and 
MIA-PBS group, respectively); PIVE impaired the sociability at 21 dpf of 100 μM group (Z = 2.54, p = 0.07, compared to that of PIVE-E3 group). 
(D) Video tracking of movements of MIA and PIVE larvae at 1, 2, and 3 mpf, showing the social interaction with social cue. (E) Sociability of MIA and 
PIVE larvae at 1, 2, and 3 mpf. MIA decreased the sociability levels at 1 mpf of 50 μg/g group (Z = 3.59 and 3.99, p < 0.05 and 0.01, compared to that of 
MIA-Control and MIA-PBS group respectively); PIVE impaired the sociability at 2 mpf of 100 μM group (Z = 3.74, p < 0.01, compared to that of PIVE-E3 
group). Data are presented as mean ± SEM. * p < 0.05, ** p < 0.001; # p < 0.05, ## p < 0.001 compared with the MIA-control group of the same age with 
social stimulus; $ p < 0.05, $$ p < 0.001 compared with the MIA-PBS group of the same age with social stimulus; % p < 0.05 compared with the MIA-
20 μg/g group of the same age; @ p < 0.05， @@ p < 0.001 compared with the MIA-50 μg/g group of the same age. †† p < 0.001 compared with the 
PIVE-E3 group of the same age with social stimulus. § p < 0.05 compared with the PIVE-10 μM group of the same age; £ p < 0.05 compared with the 
PIVE-50 μM group of the same age. TS, Test subject; SS, Social stimulus. Detail about the n and descriptive data for each group and statistical 
analysis results could be found in Additional file 11: File S4.
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three fish placed in one of two side compartments for another 6 min. 
The sociability wherein the social preference was an index based on 
subtracted non-social exploration, i.e., the time of the fish spent 
closest to the group of strangers divided by total test time 
(Figures 2Ab,C) or total interaction time (the time spent closest to 
social stimulus + the time near the empty area diagonally opposite; 
Additional file 2: Figure S2) and expressed as a percentage. For 
juvenile and adult zebrafish, we  used a transparent plastic tank 
containing five compartments (separated by transparent plastic 
plates): the stimulus-fish area, near stimulus-fish area, central area, 
away from stimulus-fish area and reference area (Ogi et al., 2021; 
Figure 2Ac). Briefly, after a single fish was introduced into the central 
area for 30 s, the plates between the near/away stimulus-fish area was 
removed and let the fish stay in the area for another 30s (for 
acclimation). Then it was permitted to interact with a single strange 
fish placed in stimulus-fish area for another 10 min. To avoid moving 
direction preference, we  randomly put a stimulus fish into the 
stimulus area on one side (Round 1). After 10-min behavioral 
recording, the same fish’s behavior was checked with the stimulus fish 
put on the opposite side (Round 2). The sociability was defined as the 
time of the fish spent in the near stimulus-fish area averaged from 
round 1 and 2, divided by total test time (Figures 2Ac,E) or total 
interaction time (the time spent closest to social stimulus + the time 
near the empty area diagonally opposite; Additional file 2: Figure S2) 
and expressed as a percentage.

2.4.2. Shoaling behavior
The shoaling behavior was estimated with/without acclimation 

with slight modifications (Kim O. H. et al., 2017; Dwivedi et al., 
2019). For larvae, four fish were released into the center of a 
transparent disk, and their behaviors were immediately recorded for 
10 min (without acclimation) and for another 10 min (with 
acclimation). For juvenile and adult zebrafish, four fish were released 
in the center of the transparent tank, and their behaviors were 
immediately recorded for 10 min (without acclimation) and for 
another 10 min (with acclimation). A camera was fixed to the top of 
the swimming tanks. The distances between the four fish were 
estimated every 30 s (Figure 3Ab).

2.4.3. Inattentive behavior test
Inattentive behavior test was done as previously reported 

(Dwivedi et al., 2019) to examine the response of larvae to an aversive 
stimulus, as well as their cognition. A moving red bar projected using 
a PowerPoint slide was used as an aversive stimulus. In brief, a plate 
was kept at the center on a digital display, 10 larvae were put into 
each lane for acclimation (30 min) on a blank white background, and 
followed by aversive stimulation (30 min) with a moving red bar on 
the lower half of the plate (Additional file 2: Figure S3A). The 
number of larvae in the upper half of plate (i.e., avoiding the lower 
half) was counted after every 2 min. Inattentive attitude was 
quantified by normalizing the number of aversive stimulus period 
over acclimatization period using the following formula:

Larvae in upper half over acc atization Aversive stimul    lim %( ) = uus Acc atization
Acc atization

−
×

lim
lim

100%

2.4.4. OFT
OFT utilizes the innate avoidance of a fish to novel open 

space to measure anxiety. An OFT was performed using a 
previously described method with slight modifications (Zakaria 
et al., 2021), by designing a tank that was virtually divided into a 
peripheral area and a central area (6 × 4 mm) (Figure 5Ab). For 
testing, a single fish was introduced into the central area for 1 min 
and video-tracked for 10 min. The time spent in the central zone 
was evaluated.

2.4.5. NTT
In this test, a fish was placed into a novel experimental 

tank for acclimation (10 min) and recorded for 12 min (Audira 
et al., 2018). The time spent in the upper zone was recorded 
(Figure 5Ac).

2.4.6. Mirror test
The test was conducted according to a previous study (Vaz 

et al., 2019), with slight modifications. A tank with a mirror 
placed on one side was used. A fish was placed at the center of 
the tank for 6 min. The behavior of the fish was recorded for 
10 min using a digital video camera positioned directly above 
the tank. The area within 3 cm of the mirror was defined as the 
approach zone. The time spent in the approach zone was 
recorded (Figure 5Ad).

2.5. Library construction and 
high-throughput sequencing

Total RNA was isolated from brain tissue of zebrafish 
(1 mpf; MIA: PBS and 50 μg/g groups, PIVE: E3 and 100 μM 
groups; n = 15; about 60 mg of brain tissue; three replicates 
each group) by the TRIzol (Dingguo, China) according to the 
manual instruction. The total RNA was qualified and 
quantified using a Nano Drop and Agilent 2100 Bioanalyzer 
(Thermo Fisher Scientific, United  States). RNA-Seq 
sequencing library was prepared using TruSeq™ RNA sample 
preparation kit (lllumina, United  States). Briefly, purified 
mRNA was fragmented, then first-strand cDNA was 
generated using random hexamer-primed reverse 
transcription, followed by a second-strand cDNA synthesis 
and end repairing. The cDNA fragments were amplified by 
PCR to gain double stranded PCR products, which were then 
heated denatured and circularized by splint oligo sequence to 
get single strand circle DNA (ssCir DNA), the final library. 
The final library was amplified with phi29 to make DNA 
nanoball (DNB), which had more than 300 copies. The DNBs 
were loaded into a patterned nanoarray and single end 50 
bases reads were generated on a BGIseq500 platform 
(BGI-Shenzhen, China).

229

https://doi.org/10.3389/fnmol.2022.1068019
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org


Wu et al.� 10.3389/fnmol.2022.1068019

Frontiers in Molecular Neuroscience 07 frontiersin.org

A

D E

a B

b C

FIGURE 3

MIA offspring exhibited decreased social cohesion. (Aa) Zebrafish were tested for social cohesion (distance between individual fish) at 7, 14, and 
21 dpf, and 1, 2, and 3 mpf (Ab) after maternal poly(I:C) injection (MIA) or PIVE to fertilized embryos. (B) Both MIA-20 and 50 μg/g induced a 
decreased social cohesion at 7, 14, and 21 dpf (MIA-20 μg/g: Z = 5.66, 6.31, and 5.57, p all <0.01 for 7, 14, and 21 dpf vs. MIA-Control; Z = 6.66, 7.45, and 
3.59, p < 0.01, 0.01, and 0.05, respectively, for 7, 14, and 21 dpf vs. MIA-PBS. MIA-50 μg/g: Z = 2.54, 2.68 and 5.95, p = 0.07, <0.05 and 0.01, respectively, 
for 7, 14, and 21 dpf vs. MIA-Control; Z = 3.69, 3.30, and 4.01, p < 0.05, 0.05, and 0.01, respectively, for 7, 14, and 21 dpf vs. MIA-PBS) but not for PIVE 
fish. (C) Both MIA-20 and 50 μg/g induced a decreased social cohesion at 1, 2, and 3 mpf (MIA-20 μg/g: Z = 5.76, 10.93, and 7.72, p all <0.01 for 1, 2, 
and 3 mpf vs. MIA-Control; Z = Z = 7.46, 11.63, and 5.77, p all <0.01 for 1, 2 and 3 mpf vs. MIA-PBS. MIA-50 μg/g: Z = 1.60, 4.06 and 3.48, p > 0.05, <0.01 
and 0.05, respectively, for 1, 2, and 3 mpf vs. MIA-Control; Z = 3.15, 4.85, and 3.51, p < 0.05, 0.01, and 0.05, respectively, for 7, 14, and 21 dpf vs. MIA-
PBS), but not for PIVE fish. (D,E) Tracking of individual fish in a group of four fish shows impaired social cohesion in MIA fish. The movement of 
each group of fish was analyzed after video tracking. The positions of individual fish in 3 s periods at two different time windows (3 and 7 min, 
respectively) were traced, and their paths were presented in different colors (#1 fish in red, #2 fish in yellow, and so on). Aggregation of MIA-
control/PBS and PIVE-E3 fish groups in a corner of tank is apparent, in comparison with MIA fish. Data are presented as mean ± SEM (right side of 
the histogram), median ± 75% confidence interval (left side of the histogram), and maximum and minimum. * p < 0.05, ** p < 0.001; # p < 0.05, ## 
p < 0.001 compared with the MIA-control group of the same age with social stimulus; $ p < 0.05, $$ p < 0.001 compared with the MIA-PBS group of 
the same age with social stimulus; % p < 0.05， %% p < 0.001 compared with the MIA-20 μg/g group of the same age; @ p < 0.05， @@ p < 0.001 
compared with the MIA-50 μg/g group of the same age.† p < 0.05, †† p < 0.001 compared with the PIVE-E3 group of the same age with social 
stimulus. §§ p < 0.001 compared with the PIVE-10 μM group of the same age; £ p < 0.05 compared with the PIVE-50 μM group of the same age. Detail 
about the n and descriptive data for each group and statistical analysis results could be found in Additional file 11: File S4.
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2.6. Sequencing data processing, and 
gene ontology (GO) enrichment and 
Kyoto Encyclopedia of Genes and 
Genomes (KEGG) analysis of DEGs

The sequencing data was filtered with SOAPnuke (v1.5.2)1 by 
removing reads containing sequencing adapter, reads whose 
low-quality base ratio (base quality less than or equal to 5) is more 
than 20%, and reads whose unknown base (“N” base) ratio is more 
than 5%. Then, the clean reads were mapped to the reference genome 
using HISAT2 (v2.0.4).2 Bowtie2 (v2.2.5)3 was applied to align the 
clean reads to the reference coding gene set, then expression level of 
gene was calculated by RSEM (v1.2.12).4 The heatmap was drawn by 
pheatmap (v1.0.8)5 according to the gene expression in different 
groups. Essentially, differential expression analysis was performed 
using the DESeq2 (v1.4.5)6 with Q value ≤0.05. To learn more about 
the biological role of these DEGs, GO7 and KEGG8 enrichment 
analysis of annotated DEGs was performed by Phyper9 based on 
Hypergeometric test. The significant levels of terms and pathways 
were corrected by Q value with a rigorous threshold (Q value ≤0.05) 
(Bonferroni correction for multiple comparisons). The STRING 
database10 was used to infer PPIs in DEGs’ enrichment pathways 
(Szklarczyk et al., 2017) (Figure 6).

2.7. Validation of selected genes by 
RT-qPCR

The most differential co-expressed genes of two groups 
(MIA-50 μg/g and PIVE-100 μM) were selected and detected by 
quantitative RT-PCR. At 1 mpf, 5–6 fish were collected from the 
MIA-PBS, MIA-50 μg/g, PIVE-E3 and PIVE-100 μM groups, and 
total RNA was extracted by TRIZOL reagent (Dingguo). Reverse 
transcription was performed with PrimeScriptTM RT Reagent Kit 
(RR036A, TaKaRa, Japan), according to the manufacturer’s 
protocol. RT-qPCR was performed using a StepOnePlusTM 
apparatus (ABI, United States) and TB Green Premix Ex TaqTM 
(RR420A, TaKaRa, Japan). The thermal cycle was as follows: 
pre-denaturation at 95°C for 30 s, then 40 cycles at 95°C for 5 s, 
60°C for 15 s, and 60°C extension for 30 s. The relative gene 
expression was normalized to an endogenous housekeeping gene 
(β-actin) and the formula 2−△△Ct was calculated using the 

1  https://github.com/BGI-flexlab/SOAPnuke

2  http://www.ccb.jhu.edu/software/hisat/index.shtml

3  http://bowtiebio.sourceforge.net/%20Bowtie2%20/index.shtml

4  https://github.com/deweylab/RSEM

5  https://cran.r-project.org/web/packages/pheatmap/index.html

6  http://www.bioconductor.org/packages/release/bioc/html/ 

DESeq2.html

7  http://www.geneontology.org/

8  https://www.kegg.jp/

9  https://en.wikipedia.org/wiki/Hypergeometric_distribution

10  https://string-db.org/

comparative Ct method (three replicates for each sample) 
(Figures 6J, 7Hab). The primer sequences used in this study are 
listed in Additional file 4: File S3.

2.8. F0 knockout of fabp2 and screens

F0 knockout of fabp2 gene in zebrafish was carried out as 
previously reported, using an approach including two rounds of 
embryo injections: a validation round followed by a phenotyping 
round (Selvaraj et al., 2019; Figure 7A).

2.8.1. Cas9/gRNA preparation
Synthetic gRNA consisting of two components was bought 

from Integrated DNA Technologies (IDT, United States): the 
crRNA (Alt-R CRISPR-Cas9 crRNA) and tracrRNA (Alt-R 
CRISPR-Cas9 tracrRNA, #1072532). The fabp2 crRNA was 
predesigned by IDT (more information sees 
Additional file 4: File S3).11 The crRNA was annealed with the 
tracrRNA to form the gRNA by mixing each crRNA of the set 
separately with an equal molar amount of tracrRNA and 
diluting to 57 μM in Duplex buffer (IDT, #11–01–03-01). For 
gRNA/Cas9 assembly, Cas9 protein (IDT, Alt-R S.p. Cas9 
Nuclease V3, 61 μM, #1072533) was diluted to 57 μM in Cas9 
buffer: 20 mM Tris–HCl, 600 mM KCl, 20% glycerol, and then 
equal volumes of gRNA and Cas9 solutions were mixed 
(typically 1 μl gRNA; 1 μl Cas9), incubated at 37°C for 5 min 
then cooled on ice, generating a 28.5 μM RNP solution. The 
three RNP solutions were pooled in equal amounts before 
injections. The concentration of each RNP was thus divided by 
three (9.5 μM each), leaving the total RNP concentration at 
28.5 μM. Approximately 1 nl of the three-RNP pool was injected 
into the yolk at the single-cell stage before cell inflation. This 
amounts to around 10.0 fmol of RNP (10.0 fmol [1,646 pg] of 
Cas9 and 10.0 fmol [333 pg] of total gRNA). Each unique RNP 
was present in equal amounts in the pool. Therefore, in the case 
of three RNPs, 3.3 fmol of each RNP was co-injected. Three 
scrambled crRNAs (Alt-R CRISPR-Cas9 Negative Control 
crRNA #1, #2, #3) were prepared into RNPs and injected 
following the same steps as above (more information sees 
Additional file 4: File S3).

2.8.2. Unviability
The percentage of unviable embryos/larvae was evaluated as 

previously reported (Selvaraj et  al., 2019), based on the total 
number of embryos/larvae that died or were dysmorphic (not 
associated with the expected phenotype) after 1 dpf. This death/
dysmorphic count was divided by the total number of larvae at 
1 dpf to get a percentage of unviable embryos/larvae. Percentages 
of unviable embryos/larvae in the uninjected or scrambled 
controls were usually low (<9%) (Figure 7Gab).

11  eu.idtdna.com

231

https://doi.org/10.3389/fnmol.2022.1068019
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://github.com/BGI-flexlab/SOAPnuke
http://www.ccb.jhu.edu/software/hisat/index.shtml
http://bowtiebio.sourceforge.net/ Bowtie2 /index.shtml
https://github.com/deweylab/RSEM
https://cran.r-project.org/web/packages/pheatmap/index.html
http://www.bioconductor.org/packages/release/bioc/html/
http://www.geneontology.org/
https://www.kegg.jp/
https://en.wikipedia.org/wiki/Hypergeometric_distribution
https://string-db.org/
http://eu.idtdna.com


Wu et al.� 10.3389/fnmol.2022.1068019

Frontiers in Molecular Neuroscience 09 frontiersin.org

A

D
a

E
a

F
a b

b

b

B C

FIGURE 4

MIA combined with PIVE impaired social approach and decreased social cohesion. (A) Zebrafish were tested for sociability and social cohesion at 
7, 14, and 21 dpf, and 1 and 2 mpf after MIA + PIVE. (B) Video tracking of movements of MIA + PIVE larvae at 7, 14, and 21 dpf, showing the social 
interaction with the social cue. (C) Sociability of MIA + PIVE larvae at 7, 14, and 21 dpf. MIA + PIVE did not further impair the sociability at 7, 14, and 
21 dpf. (Da) Video tracking of movements of MIA + PIVE fish at 1 and 2 mpf, showing the social interaction with the social cue. (Db) Sociability of 
MIA + PIVE fish at 1 and 2 mpf. Although the sociability in the MIA + PIVE group decreased at 1 mpf, but not statistically significant. (Ea,Fa) MIA + PIVE 
induced an increased social cohesion at 7 and14 dpf (Z = 4.73, 4.32, and 3.16, p < 0.01, 0.01 and 0.05, respectively, for 7, 14, and 21 dpf vs. MIA-50 μg/g; 
Z = 2.55 and 5.55, p < 0.05 and 0.01, respectively, for 7 and 14 dpf vs. PIVE-100 μM), and a decreased social cohesion at 1 and 2 mpf (Z = 4.61, p < 0.01 
for 1 mpf vs. MIA-50 μg/g; Z = 5.40 and 6.89, p all <0.01 for 1 and 2 mpf vs. PIVE-100 μM). (Eb,Fb) Tracking of individual fish in a group of four fish 
show impaired social cohesion in MIA + PIVE fish. Data are presented as mean ± SEM. * p < 0.05, ** p < 0.001; @ p < 0.05， @@ p < 0.001 compared with 
the MIA-50 μg/g group of the same age. & p < 0.05, && p < 0.001 compared with the PIVE-100 μM group of the same age. Detail about the n and 
descriptive data for each group and statistical analysis results could be found in Additional file 11: File S4.
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2.8.3. Genomic DNA extraction
After individual larvae were transferred to 0.2 ml PCR tubes 

separately, excess liquid was removed from each tube and 50 μl of 
1× base solution (25 mM KOH, 0.2 mM EDTA in water) was 

added. The tubes were incubated at 95°C for 30 min, then cooled 
to room temperature before the addition of 50 μl of 1× 
neutralization solution (40 mM Tris–HCL in water). Genomic 
DNA was stored at 4°C.

A

B C

D E

F G

a b c d

FIGURE 5

MIA offspring exhibited a decreased risk-aware, anxiety-like and aggressive behavior. (Aa) OFT (Ab), NNT (Ac), and mirror (Ad) tests were used to 
evaluate the risk-awareness, anxiety-like and aggressive behavior at 1, 2, and 3 mpf of MIA or PIVE fish. (B) Video tracking of movements of MIA or 
PIVE fish during OFT. (C) Only MIA-50 μg/g exhibited a decreased risk-awareness at 1 mpf (MIA-50 μg/g: Z = 4.41 and 3.48, p < 0.01 and 0.05 vs. MIA-
Control and MIA-PBS respectively), as they spent more time in the central zone of the tank. (D) Video tracking of movements of MIA or PIVE fish 
during NNT. (E) MIA-20 and 50 μg/g exhibited a decreased anxiety-like behavior at 1 mpf as they spent more time in upper zone of the tank (MIA-
20 μg/g: Z = 4.17 and 3.46, p < 0.01 and < 0.05 vs. MIA-Control and MIA-PBS, respectively. MIA-50 μg/g: Z = 4.45 and 3.77, p < 0.01 and < 0.05 vs. MIA-
Control and MIA-PBS, respectively); as well as observed at 1 mpf in PIVE-100 μM group (Z = 3.21, p < 0.05 vs. PIVE-E3 group). (F) Video tracking of 
movements of MIA or PIVE fish during mirror test. (G) MIA-50 μg/g exhibited a decreased aggressive behavior at 1 mpf as they spent less time in 
mirror zone of the tank during mirror test (Z = 3.17 and 2.96, p all <0.05 vs. MIA-Control and MIA-PBS respectively); similar change was not 
observed in PIVE-100 μM group. Data are presented as mean ± SEM. * p < 0.05, ** p < 0.001; # p < 0.05, ## p < 0.001 compared with the MIA-control 
group of the same age with social stimulus; $ p < 0.05 compared with the MIA-PBS group of the same age with social stimulus; % p < 0.05， %% 
p < 0.001 compared with the MIA-20 μg/g group of the same age; @ p < 0.05， @@ p < 0.001 compared with the MIA-50 μg/g group of the same age.† 
p < 0.05 compared with the PIVE-E3 group of the same age with social stimulus. § p < 0.05 compared with the PIVE-10 μM group of the same age. 
Detail about the n and descriptive data for each group and statistical analysis results could be found in Additional file 11: File S4.
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2.8.4. PCR and sanger sequencing
Each PCR well contained: 2 μl 5× Phusion HF buffer, 0.2 μl 

dNTP (10 mM), 0.1 μl Phusion High-Fidelity DNA Polymerase, 
1.0 μl genomic DNA, 0.05 μl forward primer (10 μM), 0.05 μl 
reverse primer (10 μM), and 6.6 μl dH2O; for a total of 10.0 μl. The 
PCR plate was sealed and placed into a thermocycler. The PCR 
program was: 95°C for 5 min, then 35 cycles of: 95°C for 20 s, 70°C 
for 20 s, 72°C for 20 s, then 72°C for 7 min then cooled to 4°C until 
collection. PCR primers are provided in Additional file 4: File S3. 
The concentration of PCR product was quantified by Qubit, and 
the length of the product was verified on 2.5% agarose gel. The 
samples were sent to Tsingke Biotechnology Co., Ltd. (Hangzhou, 

China) for Sanger sequencing. Briefly, the PCR products were 
purified and secondary verified on a 1% agarose gel. The BigDye® 
Terminator v3.1 (Thermo Fisher Scientific) and 3,730 sequencer 
was used for sequencing.

2.8.5. Headloop PCR
Headloop PCR was done as previously described (Rand 

et al., 2005; Selvaraj et al., 2019). Assessment of PCR products 
on agarose gel is sufficient to determine whether the target 
loci were effective mutants in F0 embryos. The headloop PCR 
primer pairs and the headloop tags are provided in 
Additional file 4: File S3. For headloop PCR, each well 
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FIGURE 6

Clustering, GO enrichment and KEGG signaling pathway analysis of DEGs. (A) A volcano graph shows DEGs in MIA-50 μg/g zebrafish brain. The red 
dots indicate up-regulated genes and the green dots indicate down-regulated genes. (B) The overall distribution of DEGs between the MIA-
50 μg/g group and MIA-PBS group at 1 mpf. Red and green represent up-regulated and down-regulated changes, respectively, in the clustering 
analysis. The color intensity is directly proportional to the levels of changes. (C) GO analysis of MIA-induced DEGs; bar plot shows the top 10 
enrichment score [−log10 (Q-value)] of DEGs involving biological process, cellular component, and molecular function. (D) Significant changes in 
the KEGG pathway of MIA-induced DEGs. The bubble graph shows enrichment score [−log10 (Q-value)] of the significant pathway. The size of the 
circle represents the number of enriched DEGs. Q-value is represented by a color scale, and the statistical significance increases from blue 
(relatively lower significance) to red (relatively higher significance). (E) A volcano graph shows DEGs in PIVE-100 μM zebrafish brain. (F) The overall 
distribution of DEGs in the PIVE-100 μM group and PIVE-E3 group at 1 mpf. (G) A GO analysis of PIVE-induced DEGs. (H) Significant changes in the 
KEGG pathway of MIA-induced DEGs. (I) Venn diagram denoting the number of all DEGs by two thresholds that are affected in MIA or PIVE 
offspring. (J) Quantitative RT-PCR validation of top 7 co-expressed differential gens in brain of MIA-50 μg/g and PIVE-100 μM group at 1 mpf [MIA-
50 μg/g: t = 4.33, 25.00(U), 25.00(U), 1.78, 2.50 and 25.00(U), p < 0.05, 0.05, 0.05, 0.01, 0.05, and 0.05 for nme2b.2, pvalb1, pvalb2, fkbp5, hbbe1.1, and 
fabp2, respectively, vs. MIA-PBS. PIVE-100 μM: t = 4.18, 7.63, 5.62, 3.04, 25.00(U), 5.13 and 25.00(U), p < 0.05, 0.01, 0.01, 0.05, 0.05, 0.01, and 0.05 for 
nme2b.2, pvalb1, pvalb2, fkbp5, hbbe1.2, hbbe1.1, and fabp2, respectively, vs. PIVE-E3.]. PPI network of DEGs of MIA-50 μg/g group (K) and PIVE-
100 μM group (L). (M) PPI network of fabp2. Nodes represent genes, lines represent the interaction of proteins with genes, and the results within 
the nodes represent the structure of proteins. Line colors represent evidence of interactions between proteins. Data are presented as mean ± SEM. 
* p < 0.05, ** p < 0.001. Detail about the n and descriptive data for each group and statistical analysis results could be found in 
Additional file 11: File S4.
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contained: 2 μl 5× Phusion HF buffer, 0.2 μl dNTPs (10 mM), 
0.05 μl forward primer (10 μM), 0.05 μl reverse primer 
(10 μM), 0.1 μl Phusion Hot Start II polymerase, 1 μl genomic 

DNA, 6.6 μl dH2O; for a total of 10.0 μl. PCR program was: 
98°C for 30 s; then 30 cycles of: 98°C for 10 s, 72°C for 20 s; 
then 72°C for 7 min. Amplification was assessed by agarose gel 
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FIGURE 7

Fabp2 gene F0 knockout ameliorated MIA-induced autism-like behaviors. (A) Two rounds F0 knockout of fabp2 gene including selection of 
gRNAs, verification of mutagenic gRNAs and phenotyping. (Ba) Target loci of fabp2 amplified with the PCR primes used for sequencing (std, 
standard) or with headloop primer (HL). (Bb) Frameshifted and mutated bps (Sanger sequencing) of the same samples as showed in (Ba). 
(C) Schematic diagram of the target site in the zebrafish fabp2 genome. (Dab) Sequencing maps of WT and fabp2−/− zebrafish. (−): gRNA not 
mutagenic. (Ea) Frameshifted and mutated bps (Sanger sequencing) of all samples (83 fish at 21 dpf; 46 fish at 1 mpf which for finding stable lines). 
(Eb) Frequency of mutations of R50-PAM-F50 (83 fish at 21 dpf; 46 fish at 1 mpf which for finding stable lines). (F) After maternal poly(I:C) injection 
(MIA), two-RNP pool was injected into the yolk at the single-cell stage before cell inflation; or two-RNP pool was injected into the yolk at the 
single-cell stage followed by PIVE to these embryos, and zebrafish were tested for sociability at 21 dpf followed by verification of genotyping. (Ga) 
Deformity of gRNA injection with MIA or PIVE. (Gb) Unviability of gRNA injection with MIA or PIVE. (Hab) mRNA expressions of fabp2 with MIA or 
PIVE (MIA: t = 2.72, p < 0.05; PIVE: U = 0.00, p < 0.05). (I) Video tracking of movements of WT or fabp2−/− larvae with MIA or PIVE at 21 dpf. (J) Sociability 
of WT or fabp2−/− larvae with MIA or PIVE at 21 dpf. Fabp2 F0 knockout ameliorated MIA-induced autism-like behaviors (fabp2−/− + MIA: Z = 4.06, 
p < 0.01 vs. fabp2−/− without MIA). Data are presented as mean ± SEM. * p < 0.05 compared with Control group of the same zebrafish line. # p < 0.05 
compared with MIA-50 μg/g group of the same zebrafish line. Detail about the n and descriptive data for each group and statistical analysis results 
could be found in Additional file 11: File S4.
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electrophoresis (Figure 7Da). To calculate the headloop PCR 
score, GelDoc Go gel imaging system (Bio-Rad) was used to 
imaging the gel. Then, Quantity One software (Bio-Rad) was 
used to quantify band intensity.

2.8.6. F0 screens in two rounds of injections
In the first round, each fabp2 gRNA was injected separately, 

followed by headloop PCR to confirm mutagenesis, thereby 
controlling the false negative rate of a screen. If a gRNA was found 
not to generate enough mutations, it was replaced with a new one 
and the experiment was repeated; or directly abandoned. The 
second round of injection used mixed fabp2 gRNA sets to generate 
the F0 knockouts for phenotyping. The control larvae were 
injected with a set of scrambled RNPs, which controlled for any 
potential effect caused by the injection of Cas9 and 
exogenous RNA.

2.9. Statistical analysis

We used ImageJ software to analyze the behavior tracking 
data. SPSS 23.0 (IBM, Armonk, NY, United States) were used for 
statistical analysis. All continuous data conformed to the normal 
distribution (according to the Kolmogorov–Smirnov test) were 
analyzed using One/Two-way ANOVA followed by Šídák’sor 
Tukey’s multiple comparisons test under the condition of a 
significant F value (p < 0.05). Those data with non-normal 
distribution were analyzed using Kruskal-Wallis test followed by 
Bonferroni’s multiple comparisons test; or using Multiple Mann–
Whitney tests with Bonferroni’s correction under the condition of 
a significant H value (p < 0.05). Prior to testing, we had performed 
several pilot experiments identifying the best concepts for our 
experimental paradigms. To obtain convincing statistical power, 
we included all samples produced from several batches/crosses for 
MIA and PIVE paradigm only discarding fishes with obvious 
deformities or immobility within the test time. Since we did not 
find any batch/cross effects on our behavior results in statistical 
tests, no multiple testing corrections were made. Data were 
expressed as mean ± standard error of the mean (M ± SEM). 
p < 0.05 were considered as statistically significant.

3. Results

3.1. MIA offspring born to mothers 
injected with poly(I:C) showed an 
immune response

In rodents, exposing to MIA (Patterson, 2011) serves as an 
environmental risk factors-ASD model. At 24 h after maternal 
poly(I:C) injection, TLR4ba mRNA expressions were significantly 
down-regulated in intestinal tissue and liver of maternal fish 
(Figure 1Ca), which can be seen in TLR3 and TLR4bb, but there 
was no statistical significance. TLR3 and TLR4bb, but not TLR4ba, 

mRNA expressions were up-regulated in spleen of maternal fish 
(Figures 1Ba,Ca,Da), which was not statistically significant when 
compared to those injected with PBS. Compared with the 
expressions in spleen, TLR3, TLR4ba and TLR4bb mRNA 
expressions were significantly down-regulated in intestinal tissue 
of maternal fish (Figures 1Ba,Ca,Da). Considering zebrafish do 
not have a placenta and are external fertilizers, it is unknown 
whether mothers injected with poly(I:C) would also induce an 
immune reaction in MIA offspring. We  found that TLR3 
(p = 0.0667) and TLR4bb mRNA expressions were significantly 
up-regulated but that of TLR4ba of MIA offspring at 1 dpf was not 
(Figures 1Bb,Cb,Db). For PIVE, there were no significant changes 
in TLR3 and TLR4ba/b mRNA expressions of the offspring 
collected at 1 dpf after a 24 h poly(I:C) treatment 
(Figures 1Bb,Cb,Db); while both TLR3 and TLR4ba/b mRNA 
expressions of the offspring collected at 2 dpf after a 24 h poly(I:C) 
treatment were significantly up-regulated (Figures 1Bb,Cb,Db). 
Furthermore, we measured the immune response parameters after 
the poly(I:C) treatment. We found that the levels of IgM were 
increased in MIA-50 μg/g offspring at 14 dpf (p = 0.0835, compared 
to those injected with PBS). Although the levels of C4 were 
increased in MIA-20 μg/g and MIA-50 μg/g offspring at 21 dpf the 
change was not significant when compared with the controls 
(Figures 1E,F). Interestingly, the levels of IgM, C4 and IgA were 
significantly increased in PIVE-100 μm larvae only at 21 dpf 
(Figures 1E–G). At 24 h after poly(I:C) injection, the levels of IgM, 
C4 and IgA were increased in maternal liver, which were not 
statistically significant, and it could not be found in brain, spleen 
and intestinal tissues (Figures 1Ha,Hb,Hc).

3.2. MIA offspring born to mothers 
injected with poly(I:C) exhibited impaired 
social approach

The offspring produced by pregnant rodents with MIA have 
abnormal behavior that is reminiscent of autism, which makes 
MIA a useful disease model (Smith et al., 2007). However, whether 
this type of autism phenotype can be replicated in zebrafish has 
not been reported. Normally, zebrafish showed a development of 
social approach behavior from 7 to 21 dpf (Figures 2B,C). The 
levels of sociability (as a ratio of either total test time or total 
interaction time) were significantly lower in MIA-50 μg/g group 
at 21 dpf compared to the MIA-Control and MIA-PBS group, 
respectively, (Figures  2B,C; Additional file 2: Figure S2A; 
Additional file 5: Movie S1). We  examined whether directly 
exposing embryos to poly(I:C) could also impair the social 
approach behavior and found that PIVE-10, 50, and 100 μM did 
not impair the sociability (as a ratio of either total test time or total 
interaction time) at 7 and 14 dpf (Figures  2B,C and 
Additional file 2: Figure S2A). Only PIVE-100 μM impaired the 
sociability (as a ratio of total test time) when being compared with 
the PIVE-E3 group (p = 0.0662) at 21 dpf (Figures  2B,C; 
Additional file 6: Movie S2).
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Sociability was also tested for these fish at 1, 2, and 3 mpf. 
Only MIA-50 μg/g offspring exhibited impaired social approach 
behavior at 1 mpf (Figures 2D,E; Additional file 2: Figure S2B; 
Additional file 7: Movie S3). PIVE-100 μM also impaired  
social approach behavior at 2 mpf (Figures  2D,E; 
Additional file 2: Figure S2B; Additional file 8: Movie S4). 
Poly(I:C) exposure also induced changes of total distance moved 
and average velocity during the social preference test of larvae 
(Additional file 2: Figure S4) and juvenile/adult zebrafish 
(Additional file 2: Figure S5). We did not find any sex differences 
at 3 mpf of these poly(I:C) exposure-induced sociability and 
movement changes (Additional file 2: Figure S6).

3.3. MIA offspring born to mothers 
injected with poly(I:C) exhibited had 
decreased social cohesion

We next tested group behavior of the poly(I:C) treated fish 
using the shoaling assay. The distances between individual fish 
can indicate their social interaction or impaired social behavior 
among conspecifics. Zebrafish larvae showed a development of 
social cohesion from 7 to 21 dpf (Figures 3B,D) and remained 
stable from 1 to 3 mpf (Figures  3C,E). Comparing MIA and 
control/PBS fish revealed that MIA groups had significantly 
larger mean distances between individual fish at 7, 14, and 21 dpf, 
and 1, 2, and 3 mpf (Figures  3B,D). We  plotted the path of 
individual fish after video tracking (Figures  3D,E). Social 
cohesion, aggregation, or shoaling behaviors were apparent in the 
control/PBS fish groups. However, individual fish of the MIA 
groups moved independently from one another, suggesting a 
deficit in social interaction (Additional file 9–110: Movies S5, S6). 
In contrast, this pattern of activity was not detected in PIVE 
groups (Figures 3B–E). Poly(I:C) exposure also induced changes 
of total distance moved and average velocity during social 
cohesion test in zebrafish (Additional file 2: Figure S7).

3.4. MIA offspring born to mothers 
injected with poly(I:C) combined with 
PIVE exhibited impaired social approach 
and decreased social cohesion

Since our results found that either MIA or PIVE at least 
partially impaired social approach and decreased social cohesion, 
we further tested the effects of MIA combined with PIVE on social 
approach and cohesion. In the MIA-50 μg/g + PIVE-100 μM 
group, the offspring did not exhibit impaired social approach 
behavior during the social stimulating test at 7, 14, and 21 dpf 
when compared to that of MIA-50 μg/g and PIVE-100 μm groups, 
respectively, (Figures 4A,B,C). Although the sociability in the 
MIA-50 μg/g + PIVE-100 μM group decreased (Figures  4B,C), 
similar to that observed at 1 mpf compared to that of MIA-50 μg/g 
group (Figures  4Da,Db), but not statistically significant. This 
group recovered to the normal levels and was significantly higher 

than that of PIVE-100 μM group at 2 mpf (Figures  4Da,Db; 
Additional file 2: Figure S2C). For social cohesion, the MIA + PIVE 
group had significantly shorter mean distances between individual 
fish at 7 and 14 dpf than the MIA-50 μg/g or PIVE-100 μM group 
(Figures  4Ea,Eb). However, the MIA + PIVE group did have 
markedly longer mean distance between individual fish at 1 mpf 
than the MIA-50 μg/g group (Figures 4Fa,Fb).

3.5. MIA offspring born to mothers 
injected with poly(I:C) exhibited a 
decreased risk-aware, anxiety-like and 
aggressive behavior

ASD children often have less risk awareness. Therefore, we use 
OFT to evaluate risk-awareness of poly(I:C)-treated zebrafish. 
We found that only MIA-50 μg/g group exhibited a decreased risk-
awareness at 1 mpf (Figures 5B,C), as they spent more time in the 
central zone of the tank. Conversely, PIVE did not affect this 
behavior (Figures 5B,C). Similarly, MIA-20 and 50 μg/g groups 
exhibited a decreased anxiety-like behavior at 1 mpf (Figures 5D,E) 
as they spent more time in upper zone of the tank during NNT; 
similar changes were observed in PIVE-100 μM group at 1 mpf 
(Figures 5D,E). We also found that MIA-50 μg/g group exhibited a 
decreased aggressive behavior at 1 mpf (Figures 5F,G) as they spent 
less time in mirror zone of the tank during the mirror test; a similar 
change was observed in PIVE-100 μM group at 1 mpf, which was 
not statistically significant when compared to the PIVE-E3 group 
(Figures 5F,G). To determine whether this decreased awareness of 
risk and new environment and decreased social interaction in fish 
with poly(I:C) exposure is due to impaired cognition, we used an 
inattentive behavior test to check their cognition of “aversive” 
stimulus. We found that only MIA-50 μg/g group did exhibit a 
decreased cognition at 14 dpf, as the larvae of MIA-50 μg/g were 
less responsive to “aversive” stimulus and stayed longer in “aversive” 
stimulus area. Such changes were not observed at 7 and 21 dpf 
(Additional file 2: Figure S3B). The larvae of PIVE-100 μM did not 
show a reduced response to “aversive” stimulus compared with 
PIVE-E3 group at 7, 14, and 21 dpf (Additional file 2: Figure S3B). 
Therefore, the decreased awareness of risk, new environment and 
social interaction in fish (1 to 3 mpf) with poly(I:C) exposure 
might not result from poly(I:C) induced cognition impairment.

3.6. Transcriptomic characterization of 
the brains of MIA fish

Given the striking behavioral abnormalities after poly(I:C) 
exposure, we performed a transcriptomic survey of the brain of 
1 mpf fish (MIA: PBS and 50 μg/g group, PIVE: E3 and 100 μM 
group; n = 15). RNA-sequencing analysis of brain RNA from the MIA 
group identified 684 DEGs (threshold: p < 0.05; Log2 (Fold 
Change) > 1.0 or Log2 (Fold Change) < −1.0; Additional file 4: File S3), 
which are summarized in a volcano plot (Figure 6A). The volcano 
plot illustrates that the numbers of overexpressed genes were 
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significantly more than that of underexpressed genes (up vs. down: 
554 vs. 130 genes). Moreover, a hierarchical clustering of DEGs was 
conducted (Figure 6B). To gain an insight into the biology of the 
expression changes observed in the MIA brain, we performed a GO 
enrichment analysis and a KEGG pathway annotation. These 
analyses were performed to identify GO enrichment in the categories 
of cellular components, biological processes, and molecular 
functions. For GO enrichment, the DEGs were plentiful in negative 
regulation of endopeptidase activity, extracellular space, extracellular 
region, endopeptidase inhibitor activity, heme binding, etc. 
(Figure 6C). The KEGG pathway found that DEGs were mainly 
enriched in complement and coagulation cascades, fat digestion and 
absorption, cholesterol metabolism, and tight junction, etc. 
(Figure 6D). For PIVE, RNA-sequencing analysis of brain RNA 
identified 876 DEGs (threshold: p < 0.05; Log2 (Fold Change) > 1.0 or 
Log2 (Fold Change) < −1.0), which are summarized in a volcano plot 
(Figure 6E). The volcano plot also illustrates that the numbers of 
underexpressed genes were significantly more than that of 
overexpressed genes (under vs. over: 606 vs. 270 genes). A 
hierarchical clustering of DEGs was conducted (Figure 6F). For GO 
enrichment, the DEGs were plentiful in hemoglobin complex, 
oxygen carrier activity, oxygen binding, haptoglobin-hemoglobin 
complex, and organic acid binding (Figure 6G). The KEGG pathway 
found that DEGs were mainly enriched in the linoleic acid 
metabolism, protein digestion and absorption, fat digestion and 
absorption, phototransduction, antigen processing and presentation 
(Figure 6H).

The top  10 co-expressed differential genes of two groups 
(MIA-50 μg/g and PIVE-100 μM) were selected and detected by 
RT-qPCR. Testing on one gene (hbae1.3) was not made due to its 
homology to hbae1.2, and two genes (tpma and nr1d2a) failed in 
our experiment. The results showed that expressions of the 
remaining top 7 co-expressed differential genes were similar to 
that of RNA sequencing (Figures 6I,J and Additional file 2: Figure S8).

To determine the interaction between DEGs related to social 
behavior deficits in GO enrichment and KEGG signaling pathways, 
we identified a potential PPI network for these DEGs (Figure 6K 
for MIA; Figure 6L for PIVE). The PPI network integrated these 
DEGs using STRING analysis; both PPI enrichment p-value was 
statistically significant (p < 0.001). From the PPI network, we found 
that vil1 forms a more complicated network with other genes in 
MIA than in PIVE. We speculated that vil1 mediated pathways 
might play an important role in the MIA-induced ASD in zebrafish. 
Furthermore, using STRING analysis involves the top  10 
co-expressed differential genes of the MIA-50 μg/g and 
PIVE-100 μM groups and vil1, we found only fabp2 interacted with 
vil1 (Figure 6M), exactly representing that MIA has the tendency 
of overexpression and PIVE has the tendency of underexpression.

Next, we  searched on SFARI Gene12, an evolving online 
database designed to permit tracking the ever-expanding genetic 
risk factors that emerge in the literature https://www.sfari.org/

12  https://www.sfari.org/resource/sfari-gene

resource/sfari-gene/ – bottom for ASD, and got a total of 991 ASD 
scored genes. We analyzed the RNA-sequencing results for these 
genes. The MIA group identified 10 DEGs (threshold: p < 0.05; 
Log2 (Fold Change) > 1.0 or Log2 (Fold Change) < −1.0), which 
are summarized in a volcano plot (Additional file 2: Figure S9A). 
Moreover, a hierarchical clustering of DEGs was conducted 
(Additional file 2: Figure S9B). The GO enrichment analysis and 
a KEGG pathway annotation were performed. For GO 
enrichment, the DEGs were plentiful in fibrinogen complex, 
semaphoring receptor complex, lamellipodium, etc. 
(Additional file 2: Figure S9C). The KEGG pathway found that 
DEGs were mainly enriched in complement and coagulation 
cascades, tryptophan metabolism, cGMP-PKG signaling pathway, 
etc. (Additional file 2: Figure S9D). For PIVE, RNA-sequencing 
identified 18 DEGs (threshold: p < 0.05; Log2 (Fold Change) > 1.0 
or Log2 (Fold Change) < −1.0), which are summarized in a 
volcano plot (Additional file 2: Figure S9E). A hierarchical 
clustering of DEGs was conducted (Additional file 2: Figure S9F). 
For GO enrichment, the DEGs were plentiful in RNA polymerase 
II transcription factor complex, FACT complex, host cell nucleus, 
etc. (Additional file 2: Figure S9G). The KEGG pathway found that 
DEGs were mainly enriched in circadian rhythm, endocrine and 
other factor-regulated calcium reabsorption, mineral absorption, 
etc. (Additional file 2: Figure S9H). From the PPI network, 
we  found that only vil1-fabp2 and atp1a1a.4 co-incidenced in 
both MIA and PIVE (Additional file 2: Figures S9J,K).

3.7. Fabp2 gene F0 knockout ameliorated 
MIA-induced autism-like behaviors

In the first round, three gRNAs were injected separately 
followed by headloop PCR, and we  found that two gRNAs 
generated enough mutations. In the second round of injections, 
we used two confirmed fabp2 gRNA sets to generate F0 knockouts 
for phenotyping (Figures 7A,Bab,C). The rates of deformity and 
unviability were high with fabp2 gRNA1/3 set injections 
(Additional file 2: Figures S10B,C). All headloop PCR results were 
identical with that of Sanger sequencing. The ratios of mutated 
and frameshifted events were 89.09% (147/165) and 70.30% 
(116/165) of the total occurrence, respectively. The mutated and 
frameshifted base pairs (bps) were 43.20% (1,389/3,215) and 
56.80% (1,826/3,215) of the total variation numbers (bps) 
respectively (Figures  7Da,Db,Ea). Frequency of mutations of 
R50-PAM-F50 did not show any distribution patterns 
(Figure 7Eb). We found that the sociability in fabp2−/− zebrafish 
was not significantly impaired at 21 dpf when compared to WT 
(Figures  7F,I,J). However, fabp2−/− rescued the sociability of 
MIA-induced social behavior deficits (Figures  7I,J), as the 
sociability was enhanced significantly in fabp2−/− zebrafish treated 
with MIA. (Additional file 2: Figure S2D); fabp2−/− also 
ameliorated the sociability of PIVE-induced social behavior 
deficits but without a statistical significance compared to the 
fabp2−/−-Control group (Figures 7I,J).
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4. Discussion

Although several environmental risk factor-ASD models such 
as the MIA-induced model have been established in rodent, so far 
there have been no reported MIA-induced ASD model with 
behavioral features in zebrafish. In this study, we established a 
MIA-induced ASD zebrafish model by demonstrating the 
involvement of immune activations and characterizing its 
ASD-like phenotypes.

Studies on rodent models have shown that MIA is sufficient 
to cause ASD independently, with the offspring showing abnormal 
brain morphology as well as ASD-like phenotypes (Shi et al., 2003; 
Shin Yim et al., 2017; Garcia-Valtanen et al., 2020; Haddad et al., 
2020). Since zebrafish do not have a placenta and are external 
fertilizers that do not have induced maternal immune response to 
affect developing fetus during pregnancy, establishing an 
MIA-induced ASD zebrafish model is relatively hard. Previous 
studies have established that TLRs detect exogenous and 
endogenous threats through pathogen-associated molecular 
patterns (PAMPs) and damage-associated molecular patterns 
(DAMPs) and then activate the innate immune system to produce 
pro-inflammatory cytokines (Han et al., 2021). TLRs are expressed 
on peripheral immune cells and CNS cells, including microglia 
and neurons. Classic rodent animal models of MIA use the PAMPs 
poly(I:C) to stimulate TLR3 and trigger a maternal inflammatory 
response (Meyer, 2014). DAMPs, such as self RNA, self DNA, high 
mobility group protein B1 (HMGB1) and heat shock proteins, are 
normal cell constituents that are released from endogenous 
damaged cells, which stimulate TLR4 to trigger a maternal 
inflammatory response (Akira and Takeda, 2004; Tang et  al., 
2012). Here, we  showed that poly(I:C) exposure activated the 
maternal innate immune system not only by TLR3 but also by 
TLR4. Furthermore, TLR3 and TLR4bb mRNA expressions were 
significantly up-regulated in MIA offspring as well as the levels of 
IgM/C4 were increased in MIA offspring (Figures 1Bb,Cb,Db); 
while there were no significant changes in TLR3 and TLR4ba/b 
mRNA expressions in PIVE offspring after a 24 h poly(I:C) 
exposure (Figures  1Bb,Cb,Db). It suggested that the effects of 
one-dose maternal poly(I:C) injection is stronger than that of 24 h 
direct poly(I:C) exposure on eggs, indicating that maternal 
poly(I:C) exposure did activate innate immune system of their 
offspring and these effects on the eggs in the MIA model were 
likely a result of MIA but not a direct effect of poly I:C on the eggs 
penetrating the placenta. The proposed immune mechanisms of 
transmitting the effects of MIA to the developing fetus include 
dysregulated maternal innate, adaptive and complement pathways, 
and maternal autoantibodies (Knuesel et  al., 2014). In rodent 
animal models, an underlying mechanism of MIA-induced 
behavioral abnormalities in offspring may involve an imbalance 
of pro-and anti-inflammatory cytokines in the maternal-placental-
fetal axis (Horváth et  al., 2019; Lammert and Lukens, 2019; 
Garcia-Valtanen et al., 2020; Haddad et al., 2020; Reed et al., 2020; 
Jaini et al., 2021). RNA-sequencing analysis of brain cytokine RNA 
from the MIA group identified 1 DEG (ccl19b) 

(Additional file: Figures S12A,B), indicating potential roles of 
cytokines in mediating the effects of MIA on the developing 
offspring. Testing cytokine expressions in early developing 
offspring might get more interesting results. Comparing with 
MIA, the increased numbers of DEGs of brain cytokine RNA from 
RNA-sequencing analysis suggest that PIVE larvae have a stronger 
immune activation with upregulated TLR expressions and 
increased levels of complement and autoantibodies. We proposed 
that MIA offspring did not have a continuous effect of the 
maternal immune response on the developing larvae. Our results 
indicated that poly(I:C) exposure (both MIA and PIVE) activated 
the innate immune system through both PAMPs and DAMPs.

ASD is characterized by altered social communication (Lai et al., 
2014). In this study, we found that if zebrafish mothers were exposed 
to poly(I:C) before mating, their offspring exhibited social 
impairments, especially in social cohesion, as indicated by the 
significantly larger mean distance between individual fish during the 
whole study periods (Figures  3B,D). A tendency of moving 
independently from one another of the fish suggests a likely deficit 
in social interaction (Additional file 9–10: Movies S5, S6). A 
comparison among maternal exposure, in vitro exposure to embryos, 
and maternal exposure combined with in vitro exposure to embryos 
(Additional file 2: Figure S11) reveals obviously differences in the 
degree of social behavioral deficits. For example, the MIA-50 μg/g 
offspring showed impaired sociability at early larvae stage, decreased 
social cohesion during whole study age periods, and decreased risk-
aware, anxiety-like and aggressive behavior; but PIVE-100 μM 
zebrafish did not exhibit the same pattern (Meshalkina et al., 2018). 
Our results indicated that the social behavior tests in this study were 
sensitive and that different exposures led to different phenotypes. 
Consistently, PIVE group with a stronger immune activation had a 
more severely impaired social approach and social cohesion. 
MIA + PIVE group also had a more severely impaired social 
approach and social cohesion than MIA or PIVE, but not in social 
cohesion at 7, 14, and 21 dpf. In comparisons with control/PBS 
group, the social cohesion of MIA + PIVE group impaired gradually 
from 7 to 21 dpf as the distance between individuals was lowest at 
7 dpf, and highest at 21 dpf; while the distance between individuals 
of control/PBS group gradually decreased from 7 to 21 dpf. Why did 
the social cohesion of MIA + PIVE group show inconsistent results? 
The reason is unknown. We speculate that part of the reason may 
be related to the weakening of juvenile activities and the reduction 
of their moving distance caused by MIA + PIVE treatment, thus 
masking the impact on social cohesion. With the continuous growth, 
the side effects of this treatment gradually subside. A meta-analysis 
of 15 studies found that common maternal bacterial infections 
during pregnancy increased the odds of offspring ASD by 13% (Jiang 
et al., 2016). The present results provided evidences that immune 
activation was directly correlated with the phenotypic variety/
severity of ASD (Ashwood and Wakefield, 2006; Atladóttir 
et al., 2010).

Poly(I:C) is a synthetic dsRNA that is recognized by TLR3 and 
can activate host immune defense. Systemic administration of 
poly(I:C) induces viral-like acute inflammatory response (Tsukada 
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et  al., 2021). Our results as mentioned above indicated that 
maternal poly(I:C) exposure activated the innate immune system 
in zebrafish through not only TLR3 but also TLR4.The presence 
of behavioral anomalies and immune activations of poly(I:C)-
exposed offspring (both MIA and PIVE) provides a unique 
opportunity for identifying molecular correlates of resilience and 
susceptibility to poly(I:C) exposure [28]. Therefore, we performed 
RNA sequencing to compare genome-wide transcriptional 
changes in these poly(I:C)-exposed offspring. Our GO and KEGG 
analyses of RNA-sequencing results showed that the pathways of 
DEGs were different between MIA and PIVE-offspring brain 
tissues. The KEGG analysis showed that MIA-offspring brain 
tissues were plentiful in complement and coagulation cascades. 
Similar results were observed in those with poly(I:C) exposure to 
zebrafish embryos except complement and coagulation cascades. 
We  found overexpression of complement genes in MIA brain 
tissues, including si:dkey-105 h12.2, si:dkey-32n7.4, f7, cfb, c3a.1, 
serpinc1, plg, f2, f5, fgb, fga, proca, c8g, fgg, c8a, kng1, c3a.6, cfh, c9, 
serpinf2a, serpinf2b, c3a.3, c5, and serping1. However, the 
expression levels of these genes in the brain tissues in 
PIVE-100 μM group did not change or even decreased. As 
observed in this study, different immune alterations are associated 
with different phenotypes, which is consistent with the existence 
of various characteristics or subgroups of human ASD phenotypes 
(Ashwood and Wakefield, 2006; Atladóttir et  al., 2010). 
Meanwhile, the results indicate that complement activation played 
an important role in MIA-induced ASD. Accumulating evidence 
suggests that the pathogenesis of ASD involves a dysregulated 
complement pathway (Fagan et  al., 2017), which includes 
increased frequencies of C4B alleles in ASD patients and their 
mothers (Warren et al., 1991), increased levels of C1q and C3 and 
C3 fragments in the plasma of ASD children (Corbett et al., 2007; 
Momeni et al., 2012), and hyper-activation of the complement 
system in postmortem brain tissue from ASD patients (Hutsler 
and Zhang, 2010; Tang et al., 2014). The abnormal complement 
signaling as a result of inflammatory insult during pre-and 
postnatal development may lead to alterations of cerebral 
connectivity resulting from diminished complement-mediated 
synaptic pruning, and may contribute to ASD pathophysiology 
(Schafer et al., 2012). According to previous observation in rodent 
MIA-model, the top identified canonical signaling pathways range 
from altered neuronal signaling pathways such as dopamine-and 
cAMP-regulated phosphoprotein 32 kDa (DARPP-32) signaling, 
γ-aminobutyric acid receptor signaling, and opioid signaling, to 
mitochondrial oxidative phosphorylation and translation 
initiation by eukaryotic initiation factor 2 signaling, which was 
dependent on brain region and markedly differed between 
subgroups (Mueller et al., 2021). Although we were not able to 
stratify MIA/PIVE-exposed offspring into resilient and susceptible 
subgroups by the cluster analysis and to correlate DEGs to these 
subgroups, the different phenotypes and patterns of DEGs 
between MIA and PIVE we have found indicate that poly(I:C)-
exposed zebrafish was a useful ASD model for studying 
phenotypes and molecular mechanisms. We further analyzed the 

RNA-sequencing results for 991 ASD scored genes. From PPI 
network, we  found that only vil1-fabp2 and atp1a1a.4 
appeared  simultaneously in MIA and PIVE groups 
(Additional file 2: Figures S9J,K), indicating that these genes may 
be key mediators of poly(I:C) exposure behavior changes from 
MIA and PIVE in zebrafish. This result is different from what have 
been observed in rodent MIA models relating multiple cell 
signaling pathways, such as opioid signaling, G-protein-coupled 
receptor signaling, CXCR4 signaling, CREB signaling in neurons, 
MTOR signaling, oxidative phosphorylation, EIF2 signaling, 
camp-mediated signaling, DARRP-32 signaling, and GABA 
receptor signaling, which contained more ASD-risk genes in their 
observed DEGs (Mueller et al., 2021).

The different phenotypes and patterns of DEGs between MIA 
and PIVE groups and the results of PPI network analysis suggest 
that vil1 forms a more complicated network with other genes in 
MIA than in PIVE. In the top 10 co-expressed differential genes 
of two groups (MIA-50 μg/g and PIVE-100 μM), we found only 
fabp2 interacted with vil1 (Figure 6M). We demonstrated that 
MIA-induced social behavioral deficits were ameliorated by fabp2 
knockout. Similar effect was achieved in those treated with PIVE, 
as the sociability was enhanced significantly although the 
amplitude was lesser than MIA. A role of fabp2 in ASD has not 
been reported previously. Only one previous study found that 
intestinal fatty acid binding protein (IFABP, FABP2), an index of 
gastrointestinal permeability, was significantly increased in serum 
of ASD patients (Saresella et al., 2016). A relevant result showed 
that the plasma fabp2 level in patients with anxiety and depression 
was significantly higher than that in the control group (Stevens 
et  al., 2018). Fabp2 is a biomarker of barrier integrity of gut 
epithelium tight junction, which is upregulated and released by 
the presence of dysbiotic microbiota. Altogether, fabp2 can 
be  considered as a novel biomarker or target for psychiatric 
diseases including ASD, anxiety, and depression. On the other 
hand, Vil1 is altered following an induction of cell stress in 
intestinal epithelial cells. Acute changes in actin dynamics 
increased intestinal epithelial cell survival, whereas long-term 
changes in actin dynamics lead to intestinal epithelial cell death 
and intestinal inflammation (Roy et al., 2018). Thus, we proposed 
that fabp2-vil1 signaling may play a pivotal role in 
MIA-induced ASD.

There are several studies have generated intestinal FABP 
(FABP2) and liver FABP (FABP1) knockout mice and their 
phenotypes have been characterized. Both FABPs are important 
in the net intake of dietary lipids, which have unique functions in 
intestinal lipid assimilation involved in systemic energy 
metabolism (Gajda et al., 2023). FABP2-knockout did not cause 
death of mice, but their weight would change with a 
hyperinsulinemia, but FABP2 was not necessary for dietary fat 
absorption (Vassileva et al., 2000). Another study results showed 
that FABP2-knockout led to changes in gut motility and 
morphology, resulting in a relatively lean phenotype at the whole-
body level (Lackey et al., 2020). Concluded, FABP2 may participate 
in dietary lipid sensing and signal transduction, affect intestinal 
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motility, intestinal structure and nutrient absorption, and thus 
affect systemic energy metabolism. However, there was no mental 
disease-like phenotype such as ASD observed in FABP2-knockout 
mice. Zhao et al. (2020) knocking out or overexpressing of fabp2 
in zebrafish and found that fabp2 could promote intestinal n-3 
PUFA absorption to mediate TAG synthesis and CL homeostasis, 
by regulating the genes involved in lipid metabolism, as well as 
there was no mental disease-like phenotype could be observed in 
fabp2−/− zebrafish. In contrast, we observed that the sociability in 
fabp2−/− zebrafish (21 dpf) was impaired (Figures 7I,J), which was 
not shown in adulthood (data not shown). Furthermore, fabp2−/− 
rescued the sociability of MIA/PIVE-induced social behavior 
deficits. It is unclear how fabp2 is related to the ASD-like behavior, 
and how fabp2 −/− affects MIA/PIVE-induced social behavior 
defects in zebrafish. Recently, Wei et  al. (2022) carried out a 
bioinformatics analysis of genomic and immune infiltration 
patterns in ASD. They used weighted correlation network analysis 
(WGCNA) to separate 5,000 DEGs into eight significant modules 
and two hub genes were found (one of was FABP2). Immune cell 
infiltration showed that FABP2 was significantly associated with 
memory B cells and CD8 T cells and could affect multiple 
pathways of immunity. We hypothesize that fabp2 may influence 
the immune microenvironment by regulating immune cells and 
immune-related pathways inducing an ASD behavior as observed 
in the present study that fabp2 −/− larvae showed an impaired 
sociability. As mentioned above, MIA-offspring brain tissues were 
plentiful in complement and coagulation cascades, fabp2-
knockout may also influence the immune microenvironment to 
rescue the social behavior deficits from the Poly(I:C) exposure. 
Fabp2 not only is a candidate molecular marker for the 
development of ASD, but also influence the ASD behavior in both 
causing and ameliorating directions.

In addition, the prevalence of ASD in male is generally higher 
than that in female (4: 1) (Werling and Geschwind, 2013). It may 
be related to gene difference on X chromosome or sex hormone, 
epigenetic regulations which may be sex-biased. There are many 
ASD-related genes on the X chromosome, such as FRM1, 
NLGN4X (Nguyen et  al., 2020; Wong et  al., 2020). However, 
we did not find any gender difference at 3 mpf of the MIA-induced 
sociability and movement changes (Additional file 2: Figure S6), 
indicating that the immune activation involved in the 
MIA-induced ASD zebrafish model may not lead to phenotypic 
differences between gender.

5. Limitations

The major limitation of the present study is that the results are 
confined to a single maternal injection of poly(I:C) within 24 h 
before mating to induce MIA. Particularly, it is not known what the 
effects of longer-term treatment on behavior would be. Further 
studies are required to titrate the lowest dose of poly(I:C) for altering 
social behavior. It remains possible that a combination of different 
doses, injection time and / or frequency, interval and / or route of 

administration may result in better model generation with improved 
phenotype. It remains unknown whether there is any difference 
between genders in larvae of MIA-induced ASD. It is also not known 
what the phenotype of fabp2−/− fish would be and what the longer-
term effects of fabp2 knockout would be on social behavior after 
poly(I:C) exposures, as we  only tested up to 21 dpf. Finally, the 
underlying molecular and neural mechanisms about how fabp2 
knockout rescues social behavior deficits require further study.

6. Conclusion

In this study, we established an environmental risk factor-ASD 
model in zebrafish and demonstrated its social behavior impairments 
that mimic human ASD phenotypes. The model replicated the 
phenotype of human ASD with multiple comorbidities and 
characteristics. Both maternal exposure and direct embryo exposure 
of poly(I:C) resulted in activations of the innate immune system 
through toll-like receptor 3/4. GO and KEGG analysis of RNA 
sequencing data found that the MIA-induced DEGs were mainly 
concentrated in complement and coagulation cascade pathways. PPI 
network analysis of the detected DEGs suggested that vil1 pathways 
may play a key role in MIA-induced ASD. Fabp2, the only gene in 
the top 10 DEGs which interacted with the key node (vil1) of the 
concentrated PPI network, was upregulated in MIA offspring but 
downregulated in PIVE offspring. Knocking out fabp2 rescued the 
social behavior deficits in both MIA and PIVE offspring. Overall, 
our work established an ASD model with assessable behavior 
phenotype in zebrafish and provided key insights into environmental 
risk factor and the influence of fabp2 gene on ASD-like behavior.
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RNA regulation in brain function
and disease 2022 (NeuroRNA):
A conference report
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Marta Olejniczak

Institute of Bioorganic Chemistry, Polish Academy of Sciences, Poznań, Poland

Recent research integrates novel technologies and methods from the interface
of RNA biology and neuroscience. This advancing integration of both fields
creates new opportunities in neuroscience to deepen the understanding of gene
expression programs and their regulation that underlies the cellular heterogeneity
and physiology of the central nervous system. Currently, transcriptional
heterogeneity can be studied in individual neural cell types in health and disease.
Furthermore, there is an increasing interest in RNA technologies and their
application in neurology. These aspects were discussed at an online conference
that was shortly named NeuroRNA.
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Introduction

Modern molecular and cellular biology are more and more fostered by high-throughput

approaches and jointly provide novel research tools to accelerate our understanding of how

biological systems are built and regulated. Neuroscience is propelled by quickly advancing

genomics, transcriptomics, and other -omics technologies; CRISPR-based gene-editing

technology; the development of new models such as induced pluripotent stem cells

(iPSCs)-derived brain organoids; high-resolution structural and functional deep brain

imaging methods; among others. Interdisciplinary approaches advance the knowledge of

basic regulatory processes in neural cells, re-visit their heterogeneity and connectivity, and

eventually, give promise for developing better treatment strategies for patients suffering from

neurological disorders.

RNA biology bestows a rich resource for neuroscience. It provides methods for

studying gene expression in space and time, across different genotypes/phenotypes, and

among different neural cell types. RNA biology also provides research tools for perturbing

gene expression, which is used to perform basic research and is increasingly tested for

biomedical translational purposes. Neural cells possess highly complex and multi-level

gene expression regulation mechanisms and appear evident both for the transcriptional

and post-transcriptional regulatory processes. Cell type-specific subsets of genes are being

recognized to be regulated and coordinated at the RNA level, e.g., in response to

activity inputs, injuries, or neuroinflammation. Transcriptional heterogeneity of neural

cells within individual populations (e.g., interneurons) is studied in depth with single-cell

RNA sequencing (scRNA-seq) and reveals unprecedented intra-populational differences

(Romanov et al., 2017; Mayer et al., 2018; Muñoz-Manchado et al., 2018; Polioudakis

et al., 2019; La Manno et al., 2021; Perez et al., 2021; Kamath et al., 2022), which
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are revolutionizing traditional classifications of neural cells based

on morphology and physiology (e.g., neurotransmitter release).

RNA processing is being steadily more integrated into nuclear,

axonal, and synaptic signaling networks in neurons (Wong

et al., 2017; Holt et al., 2019). RNA localization and subcellular

modes of action of different RNA-binding proteins as well as

localized translation are still under intensive investigation not

only in neurons but also in other neural cell types in health

and disease (Nussbacher et al., 2019; Koester and Dougherty,

2022). Moreover, aberrant RNA processing has been associated

with many neurological dysfunctions. Neuropathologies, as well as

neuromuscular disorders, are scrutinized, e.g., for targeting RNA

splicing as a novel treatment option. RNA represents not only

a target but may also serve as a source of biomarkers (Drew,

2019; Fyfe, 2021). Importantly, RNA technologies are applied for

designing RNA-based therapeutics; e.g., RNA interference (RNAi)

and CRISPR/Cas13 technologies are tested for providing treatment

interventions in rare neurological disorders (Duarte and Déglon,

2020; Morelli et al., 2022). In fact, contemplation about how

contemporary RNA biology aligns with neuroscience may come in

many flavors and fascinating directions.

A virtual conference RNA Regulation in Brain Function and

Disease was organized to discuss the state-of-the-art research at

the interface of RNA biology and neuroscience, with the focus

on five themes arranged in five conference sessions (Figure 1);

each session is briefly summarized in the following paragraphs.

The organizing committee aimed to integrate and discuss novel

insights into the central nervous system (CNS) and its dysfunctions

from the systems biology perspective to finer molecular and

cellular scales. To do that, we brought together a panel of experts

in the field and young principal investigators who shared with

attendees’ novel results, views, expertise, and insights into cutting-

edge methods. The NeuroRNA Conference (https://neurorna2022.

com/) took place from 28 to 30 September 2022. There were over

200 participants from 17 countries, 17 invited talks, 13 selected

talks, and 33 poster presentations.

Living in an exciting era of single-cell
transcriptomics: Impressions on the
keynote lecture

The opening keynote lecture entitled “Cellular architecture

of the human brain” was given by Sten Linnarsson from the

Karolinska Institute, Stockholm, Sweden. ScRNA-seq technologies

are gaining momentum in neuroscience, and Sten Linnarsson

has contributed to both the inception and development of these

technologies. Importantly, in the Linnarsson lab, scRNA-seq

has been continuously used to uncover the complexity of the

mammalian brain. During the conference, the participants had a

chance to hear about two new studies, which, shortly after the

meeting, became publicly available as preprints (Braun et al., 2022;

Siletti et al., 2022). The first study’s aim has been to map the

cellular composition of the adult human brain with single-nucleus

transcriptomics to obtain a highly resolved molecular atlas. The

project has been run in collaboration with the Allen Institute for

Brain Science within the BRAIN Initiative Cell Census Network

(BICCN) and sampled over 100 anatomically distinct locations

from three adult brains (each run in technical duplicate), to

perform analysis of an impressive number of >3.3 million of high-

quality cells. That large-scale effort revealed a great transcriptomic

diversity across the adult human brain cell types and subtypes

that have been defined on the more general level by 31 super-

clusters. Super-clusters represent the main categories of cells and

reflected the anatomical distribution and developmental origin

of cells. Some neuronal super-clusters corresponded to cortical

layers and projection patterns of pyramidal neurons, whereas

others clearly corresponded to the neuron’s developmental origin

(MGE and CGE interneuron clusters corresponding to medial

and caudal ganglionic eminences-origin, respectively) or distinct

non-neuronal populations. Cells within super-clusters have been

assigned to >3,300 individual clusters that correspond to specific

individual cell types as defined based on their transcriptomes.

One surprising super-cluster named “splatter” neurons was mainly

found in subcortical brain regions andwas composed of 92 different

clusters. These cells seemed very heterogeneous when it comes

to neurotransmitter identity and yet formed a complex ‘family’

of transcriptionally related neurons. The breadth and wealth of

the data enabled further inspection including sub-clustering into

plausible cell subtypes. The data also give additional insight into

the spatial region-specific distribution of glial cells, e.g., mature

oligodendrocytes and their progenitors (OPCs), and astrocytes.

Switching to the cell atlas of the human developing brain, >1.6

million cells were analyzed from 26 embryos (Braun et al., 2022).

The study disentangles region specificity of different cell types,

including radial glia, neuroblasts, and glioblasts. That dataset was

used, among others, to re-visit corticogenesis. Altogether, both

studies represent the most comprehensive resources available to

date of individual cell transcriptomes derived from the adult

and developing human brain. These resources will benefit future

comparative studies, e.g., focusing on neuropathologies.

Single-cell and spatial transcriptomics in
brain research

Single-cell technologies are becoming very popular these days,

and the rapid evolution of scRNA-seq methods has led to manifold

discoveries over a short time. Numerous scRNA-seq studies

have been reported to date, including resources of single-cell

transcriptomes from different brain regions and developmental

time points from human, primate, and rodent samples, from

both homeostatic and multiple pathological conditions, form

cell type-enriched samples (e.g., FACS-sorted), or obtained from

unsorted single-cell or single-nuclei suspensions. In turn, spatial

transcriptomic methods bypass tissue dissociation and retain

spatial information. This allows for the assessment of gene

expression across thousands of cells within the context of the entire

structural organization of tissue in normal physiology or under

perturbation. In the first scientific session of the conference “Single-

cell and Spatial Transcriptomics in Brain Research,” the state-of-the-

art and future perspectives of the single-cell field in the context of

neuroscience have been discussed.
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FIGURE 1

The program of the NeuroRNA 2022 Conference was divided into five sessions (1–5) that focused on specific topics as indicated.

Single-cell RNA sequencing (scRNA-seq) has become

revolutionary in expanding our understanding of complex

biological systems such as brain tumors and their

microenvironment. Bozena Kaminska (Nencki Institute of

Experimental Biology, Polish Academy of Sciences, Warsaw,

Poland) and her lab apply scRNA-seq and most recently spatial
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transcriptomics in order to study gliomas, with the main focus

on glioma-associated brain macrophages and microglia and

their heterogeneity in mouse glioma models. They observed a

subpopulation of so-called glioma-activated microglia and were

able to detect marker genes that clearly distinguish these cells from

homeostatic microglia, resident macrophages, and macrophages

that infiltrate the tumor. However, bothmacrophages andmicroglia

shared the signatures of signaling-associated genes, and at this

level, these different myeloid cells were indistinguishable. Further

application of CITE-seq [Cellular Indexing of Transcriptomes

and Epitopes by sequencing (Stoeckius et al., 2017)] that takes

the advantage of transcriptomics and a panel of surface protein

markers helped to dissect the differences between mRNA and

protein abundance for a panel of genes with the single-cell

resolution. The presented results were in line with the notion

that monocytes/myeloid cells in the tumor microenvironment are

often immunosuppressive (Munn and Bronte, 2016), additionally

showing that the phenotypes can transit from proinflammatory

monocytes to tumor-supportive macrophages in the brain tumor

microenvironment. Interestingly, the early results show that the

frequency of the switch between monocytes and tumor-associated

macrophages tends to be sex-dependent or sex-biased.

A strong trend in neuroscience, and also other disciplines, has

been shifting toward determining high-throughput information

from multiple experimental modalities within individual cells.

Ozgun’s Gokce (Ludwig Maximilian University, Munich, Germany)

illustrated how spatial transcriptomics may be combined with

the measurement of morphological features afforded by electron

microscopy. Gokce lab studies dementia and focuses on the

identification of the cellular responses associated with the loss of

white matter (WM) volume, which is one of the hallmarks of a

dementing brain (Bethlehem et al., 2022). White and gray matter

aged rodent brains were dissected with scRNA-seq which allowed

the identification of white matter-associated microglia (WAMs)

along with three subpopulations of homeostatic and activated

microglia (Safaiyan et al., 2021). Careful examination of microglia

transcriptomes in WM of aged brain and cross-comparison with

known signatures of microglia showed that WAMs share some

features with disease-associated microglia (DAM), especially when

it comes to activation of genes implicated in phagocytic activity and

lipid metabolism. Another observation is that there is a great loss of

oligodendrocytes in WM of 24-month-old mice (Kaya et al., 2022)

and that these cells are also changing their phenotypes, e.g., a sub-

population of “interferon response” oligodendrocytes was noticed

in the white matter of aged brains. A new development from

Gökçe lab, spatial transcriptomics-correlated electron microscopy

(Androvic et al., 2022) combines multiplex error-robust FISH

[MERFISH (Chen et al., 2015)] information with EM. It was

applied to study the spatial context of glial cells in WM. In the

proof-of-principle study, it enabled to provide a link between the

morphology of “foamy” microglia (featuring lipid droplets inside

the cell) and a tiny population of interferon-response microglia

with their transcriptional signatures and proximity to T-cells

(Androvic et al., 2022). The application of single-cell technologies

and spatially resolved molecular approaches gives the opportunity

to provide unprecedented depth into many physiological states

of glial cells in a high-throughput data-driven fashion. It can

also provide new clues to the relevance of the co-existence of

different cell types/subtypes in spatial proximity. How about single-

cell chromatin profiling? Marek Bartosovic (Karolinska Institute,

Stockholm, Sweden) switched gears to “Multimodal profiling of the

epigenome at single-cell resolution”, particularly focusing on the

application of CUT&Tag in single nuclei obtained from juvenile

(P15, P25) mouse brain. That setup enabled the study of multiple

histone marks and transcription factors Olig2 and Rad21 at single-

cell resolution and cluster cells according to their chromatin

profile (Bartosovic et al., 2021). These datasets allowed also the

prediction of cell-type-specific promoter-enhancer interactions. In

addition to the measurement of open chromatin regions, now it

is possible to capture multimodal epigenetic marks in single cells.

To achieve that, the new nanobody-Tn5 fusions are being used

to target and barcode two distinct active and repressive histone

marks (Bartosovic and Castelo-Branco, 2022). This new method

termed nano-CUT&Tag is of much better sensitivity as compared

with scCUT&Tag and allows for the discrimination of more

cell types/states together with the possibility to infer chromatin

velocity to predict differentiation trajectories of distinct cell types.

Dissection of the oligodendrocyte population with nano-CUT&Tag

revealed the presence of two sequential waves of H3K27me3

repression at distinct gene groups during the lineage differentiation.

A recent introduction of a cutting-edge method combining spatial

co-profiling of gene expression (RNA) and spatial chromatin

profiling was also mentioned (Deng et al., 2022).

Agnieszka Rybak-Wolf (Berlin Institute for Medical Systems

Biology, Berlin, Germany) presented an article on herpes simplex

virus (HSV)-driven encephalitis. HSV-1 infection was evoked

in human brain organoids and studied at the molecular and

physiological levels. The study recapitulated known features of

HSV-1 infection (such as diminished synaptic gene expression

and decreased synaptic firing) and delivered novel insights into

perturbed gene expression due to infection, e.g., activation of

antisense transcription and global increase in the length in poly(A)

tails in mRNA (Rybak-Wolf et al., 2021). Single-cell RNA-seq

in HSV-1-infected organoids revealed an overall changed cellular

composition of organoids upon infection and a few clusters of

cells (aka cell types) that were more susceptible to infection

(“highly infected” cells). In turn, acyclovir (ACV)-treated organoids

featured low virus load, yet their transcriptomes were not back

to normal “pre-infection” profiles. In particular, the TNF-α

signaling pathway was still upregulated post-ACV treatment in

certain cell types. Attenuation of inflammatory response with anti-

inflammatory drug rescued some infection effects in organoids,

such as recovered neuroepithelial integrity. The presented work

provided robust evidence for the relevance of brain organoids as

a model system for studies on brain infections and the usefulness

of scRNA-seq in tracing therapeutic outcomes of new therapies

and drug re-purposing. Another study that took advantage of

brain organoids as a model system was presented in a short talk

by Ivano Legnini (Berlin Institute for Medical Systems Biology,

Berlin, Germany) who showed the validity of the new optogenetic

method for programmable silencing or activation of target genes.

Light-inducible CRISPR/Cas9 construct and gRNAs were used

to target and activate transcription from Sonic Hedgehog (SHH)

promoter in a proof-of-concept experiment (Legnini et al., 2022).
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Importantly, such a system allows the programming of gene

expression only in intended cells. By light-controlled activation of a

morphogen (such as SHH) in 3D brain organoids, one can provide

a stimulus to develop an organoid with a certain spatial patterning

mimicking in vivo situation, i.e., developing neural tube-like in

case of SHH activation. The analysis of optogenetically patterned

brain organoids was performed both with single-cell and spatial

transcriptomic methods.

The following short talks in this session provided a transition

to the second scientific session about the mechanisms of gene

expression regulation in brain cell types. Franz Ake (Bellvitge

Institute for Biomedical Research IDIBELL, Barcelona, Spain)

discussed the insights into the challenges and importance of

detecting alternative polyadenylation (APA) in individual cells.

Is differential APA attributed to neurological conditions and can

that be investigated from the single-cell transcriptomic datasets

generated with currently available platforms? To tackle that

question, Mireya Plass lab applies single-cell isoform quantification

in iPSC-derived neurons from patients with Alzheimer’s disease

(AD) and isogenic controls using an in-house developed workflow.

Preliminary results show a subset of genes that switch mRNA

isoforms in AD pathology as compared with controls and that it

occurs in a cell type-specific manner in heterogeneous neuronal

cells differentiated from iPSCs. In turn, Rotem Ben Tov Perry from

the Weizmann Institute of Science (Rehovot, Israel) presented a

study about long-non-coding RNA (lncRNA) called Silc1. Silc1

RNA has been previously shown to be important for cis-activation

of the transcription factor Sox11 during neuroregeneration in the

peripheral nervous system (Perry et al., 2018), and now its role has

been dissected in the CNS. In the presented unpublished results

[now available as a preprint (Perry et al., 2022)], the authors

highlighted transcriptional induction of Silc1 upon stimulation in

the hippocampus and evidenced its role in neural plasticity and

memory formation in spatial learning.

RNA regulation in neurons and glia

In the second scientific session, a few timely subjects regarding

RNA regulation in neural cells have been discussed. RNA splicing,

the choice of transcription start site (TSS), and poly(A) site have

fundamental roles in mRNAmaturation, stability, and localization,

and all of these ultimately influence the gene expression programs,

oftentimes in a cell type-specific manner. Hagen Tilgner (Weill

Cornell Medicine, New York, USA) provided a comprehensive

overview of the current understanding of alternative splicing and

mRNA isoform usage in the brain that is now being dissected with

single-cell resolution. The application of single-cell isoform RNA

sequencing (Gupta et al., 2018) highlighted a cell type specificity

at the isoform level for a subset of mRNAs as well as brain-

region specificity of different isoforms (Joglekar et al., 2021). That

phenomenon has functional consequences on the occurrence of

different protein isoforms and may impact distinct subcellular

localization patterns of either RNA or the protein. Tilgner lab

is moving forward with single-nuclei RNA sequencing (snRNA-

seq) and isoform identification that enables analysis of frozen

tissue material (i.e., the majority of clinical samples). The key

methodological development in SnISOr-seq (single-nuclei isoform

RNA sequencing) is the addition of two steps in cDNA library

preparation: an asymmetric PCR to amplify barcoded cDNA and

an enrichment step using exon-targeting probes to filter out purely

intronic molecules (Hardwick et al., 2022). As alternative exon

inclusion/skipping event is relatively common in the brain and cell

type-specific phenomenon, more interestingly, there is cell type-

specific coordination of exons, TSS, and poly(A) patterns that can

be noticed from snRNA-seq datasets (Hardwick et al., 2022).

Joseph Dougherty (Washington University School of Medicine,

St. Louis, USA) talked about alternative translation and local

translation in glia, and it was a very valuable contribution

to discussions regarding the regulation of alternative mRNA

isoforms in brain cells. Local translation in neurons is nowadays

an intensively studied and well-recognized phenomenon (Holt,

Martin, and Schuman 2019). The recognition of local translation

in other neural cells, such as astroglia, has been emerging recently.

From the Dougherty lab’s earlier work, we have learned that

translation exists in distal astrocytic processes (Sakers et al., 2017),

and that line of research has been extended to microglia (Vasek

et al., 2021). Microglia have been shown to perform local protein

synthesis in peripheral microglial processes, particularly at the

perisynaptic and phagocytic structures. In fact, a specific subset of

mRNAs is being translated at the peripheral process of microglia as

shown by profiling of the ribosome-bound mRNAs from processes

and the enrichment of phagocytosis-related transcripts. From the

other angle, it was evidenced that translation is required for

phagocytic cup formation and sufficient to enable phagocytosis

in microglia processes that were severed from the cell somas.

Switching to alternative translation, that process depends on

differential usage of translation initiation sites on one transcript.

Similarly to alternative splicing, alternative translation diversifies

proteome and allows for greater biological complexity. The

Dougherty lab showed that the choice of translation initiation

site might be activity-dependent in neurons (Sapkota et al., 2019).

Another interesting observation coming from translating ribosome

affinity purification to ribosome footprinting is a cell type-specific

mechanism for translational stop codon readthrough in the mouse

brain (Sapkota et al., 2019).

In recent years, the community has made substantial progress

toward the detection and profiling of non-coding RNAs (ncRNAs)

in the mammalian brain and multiple pathological conditions,

e.g., in the past 10 years, numerous studies have informed about

changes in microRNA (miRNA) levels in the different brain

regions of patients suffering from neurological disorders and

in neural tissues from animal models of respective conditions.

Functions and mechanism of actions of newly annotated ncRNAs

in the majority of cases remain unclear, albeit there is still a

growing interest in research focusing on disentangling ncRNA

impact on gene expression, as some of them have been evidenced

to possess important regulatory functions. Functional studies in

animal models provide evidence that certain miRNAs influence

pathogenesis, e.g., genetic deletion of miR-128, a crucial regulator

of neuronal excitability, leads to fatal epilepsy in mice (Tan

et al., 2013). During the conference, Jeroen Pasterkamp from the

University Medical Center Utrecht introduced his lab’s work on

ncRNAs in neurological disease, namely, miRNAs and circular
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RNAs (circRNAs) and their association with temporal lobe epilepsy

(TLE). miRNAs and miRNA-binding proteins Argonautes are

mainly localizing to the cytoplasm in cells, yet there are exceptions

from that commonly accepted rule (Leung, 2015). What are the

function and the mechanism beyond nuclear miRNAs, still remains

unclear. Abnormal nuclear localization of a subset of miRNA

in TLE was observed and now gets dissected to provide new

knowledge about the mechanism of nuclear miRNA action. The

recent insight into circRNAs in neurons and their newly evidenced

role in the regulation of dendritic spine morphology was also

highlighted (Gomes-Duarte et al., 2022). The subject of ncRNA

in brain research was continued with the selected talks. Mollie

K. Meffert (The Johns Hopkins University School of Medicine,

Baltimore, USA) presented her group’s ongoing work on the

abundant let-7 family of miRNAs and its molecular targets and

function in the brain. Fmr1 KO mice have been used in the study,

and they showed an activity-dependent reduction of let-7 levels

in behavioral studies. Orna Issler (Icahn School of Medicine at

Mount Sinai, New York, USA) introduced the topic of sex-specific

lncRNAs in the context of depression, and more generally —

mood. A previous study highlighted that a substantial part of the

differentially expressed genes in the brains of depressed humans

(∼1/3) belong to lncRNA-encoding genes and that these transcripts

display region- and sex-specific patterns of the regulation (Issler

et al., 2020). Her current project focused on one particular lncRNA

called FEDORA, which was found to be positively correlated with

depression susceptibility in women (Issler et al., 2021). Last but

not the least, a new insight into circRNA Cdr1as association with

brain homeostasis over daily light–dark (LD) cycles was introduced

by Andranik Ivanov (Berlin Institute of Health, Berlin, Germany).

Cdr1as is one of the best studied to date brain-enriched circRNAs.

It has the unique property of possessing multiple binding sites for

miRNA, in mice >120 binding sites for miR-7 and one binding site

for miR-671. Cdr1as was previously shown to be involved in the

regulation of miR-7 and its mRNA targets in excitatory neurons

in multiple regions of the mouse brain. Cdr1as KO mice were

identified with behavioral abnormalities, namely, sensorimotor

gating phenotype that is associated with neuropsychiatric disorders

and dampened neural activity in in vitro autaptic neuronal cultures

(Piwecka et al., 2017). However, the study by Ivanov et al., brings

another layer of complexity to Cdr1as functions in neurons and

circRNA stability, as it clearly implies that Cdr1as undergoes

dynamic turn-over in the suprachiasmatic nucleus over the LD

cycles (Ivanov et al., 2022).

RNA in brain pathology:
Neurodegeneration

This session was focused on recent findings and challenges in

studying RNA molecules in neurodegenerative disorders. Mutant

forms of RNAs can trigger disruptions in molecular pathways

that specifically affect neurons, which further contribute to

neurodegeneration. Global deregulation of the transcriptome is a

common observation in the diseased brain and its investigation

with RNA-seq helps to understand the pathology at the molecular

level. The presentations in this session covered some of these

aspects in Parkinson’s disease (PD) and Alzheimer’s disease (AD),

and repeat expansion diseases such as Huntington’s disease (HD).

Gracjan Michlewski (International Institute of Molecular and

Cell Biology, Warsaw, Poland) presented insights into specific

RNA–protein interaction networks. RNA-binding protein HuR —

pri-miR-7 — α-synuclein (SNCA) mRNA has been investigated in

the context of PD. This regulatory network provides an option for

therapeutic intervention in PD, as increased levels and aggregation

of α-synuclein are a hallmark of this disease, and miR-7 biogenesis

via HuR might be targeted to impact SNCA expression (Poewe

et al., 2017). The RNA Pull-Down COnfocal NAnoscanning (RP-

CONA) method was used to identify compounds that may disrupt

pri-miR-7–HuR interaction (Zhu et al., 2021) and that line of

research is further developed in Michlewski lab.

Evgenia Salta (Netherlands Institute for Neuroscience,

Amsterdam, the Netherlands) referred to the cellular and

molecular complexity of AD pathology, including complex miRNA

regulation and challenges in the use of miRNAs as therapeutics

(Walgrave et al., 2021b). The focus of current research in the

Salta lab is on revealing coding and non-coding regulators of

adult hippocampal neurogenesis in AD. Based on previous results

regarding miR-132 downregulation in AD (Walgrave et al., 2021a)

and its role in neurogenesis, miR-132 has been further studied in

the context of impaired neurogenesis in AD. More details of this

process are expected to emerge from ongoing scRNA-seq of AD

patients’ brains, specifically regions containing neurogenic niches.

Interestingly, samples from non-demented patients with AD are

included in these analyses.

Pawel Switonski (Institute of Bioorganic Chemistry, Polish

Academy of Sciences, Poznan, Poland) is studying neuronal

vulnerability to degeneration in the spinocerebellar ataxia type 7

(SCA7), one of the CAG repeat expansion diseases. Purkinje cells

(PCs) represent the main cell type that undergoes degeneration in

SCA7. They constitute approximately 2% of cells in the cerebellum

and are one of the biggest and most highly structured neurons

in the adult brain, thus it is impossible to isolate them without

losing the integrity of neuronal processes. In the presented study,

the author described the challenges and eventually the method on

how to specifically enrich single nuclei of PCs from the mouse

cerebellum. The nuclei have been subjected to snRNA-seq. Based

on the established PC isolation method, further studies are being

conducted to unravel PC-specific molecular mechanisms leading to

neuronal death (Switonski et al., 2021).

In the two following short talks, insights into RNA biology

in the context of the other repeat expansion diseases have been

presented. First, Katarzyna Tutak (Institute of Molecular Biology

and Biotechnology, AdamMickiewicz University, Poznan, Poland)

presented details of the mechanism of repeat-associated non-

AUG (RAN) translation occurring at repeated expanded tracts in

fragile X-associated tremor/ataxia syndrome (FXTAS) (Baud et al.,

2022). RAN translation results in the production of toxic glycine-

rich protein (polyG) derived from expanded CGG repeats (Guo

et al., 2022). Attempts to identify the modifiers of this process

have been discussed, as the new knowledge may open up novel

possibilities for designing of therapeutic strategy for FXTAS. In

another presentation, Pawel Joachimiak (Institute of Bioorganic

Chemistry, Polish Academy of Sciences, Poznan, Poland) referred

to the allele-specific analysis of transcript levels for selected
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polyglutamine (polyQ) diseases. Patients suffering from polyQ

diseases usually possess both normal and mutant alleles of the

affected gene (Bunting et al., 2022). Investigating mRNAs from

genes implicated either in HD or spinocerebellar ataxia type

3 (SCA3) provides information about disproportions in allelic

expression, as well as changes in expression levels during neuronal

differentiation. This is a starting point for detailed analyses of

mutant mRNA-specific processes (Ciesiolka et al., 2021; Joachimiak

et al., 2022), which are important for a precise description of

molecular mechanisms underlying polyQ diseases. In the last

short talk in this session, Sambhavi Puri (Boston University

School of Medicine, Boston, USA) shared the results on circRNAs

deregulation in AD. Altogether, 48 circRNAs have been identified to

be associated with AD conditions based on RNA-seq data generated

from the hippocampus and the cortex of patients’ brains. Moreover,

circRNA expression was shown to differ by dementia subtype.

The importance of impaired circRNA expression patterns and

their association with pathogenesis are still emerging topics in the

AD field.

RNA in brain pathology: Neuro-oncology

Brain tumors are complex diseases resulting from the

disruption of key cellular pathways, including those regulating cell

survival and division. Genetic mutations, perturbed RNA profiles,

and epigenetic alterations contribute to tumorigenesis. It is already

known that all these changes are heterogeneous on a cell type

basis within an individual tumor and between patients, which

is increasingly appreciated as a determinant of treatment failure

and disease recurrence in the case of brain tumors. During this

conference session, we discussed the intratumor heterogeneity, new

mechanisms of regulatory interactions between ncRNAs, and the

possibilities for the identification of new RNA and epigenetics-

oriented therapeutics and diagnostic approaches.

Itay Tirosh (Weizmann Institute of Science, Rehovot, Israel)

presented a single-cell transcriptomic analysis of glioblastoma

samples that recapitulated the high intratumoral heterogeneity of

the most aggressive brain tumor. The presented scRNA-seq data

showed that glioblastoma cells exist in four main cellular states.

The authors found that these states might be affected by the tumor

microenvironment and exhibit plasticity, i.e., multiple possible

transitions between states can be observed per transcriptome

level. The relative frequency of cells in each state also varies

between glioblastoma samples, and it is influenced by copy number

amplifications of the CDK4, EGFR, and PDGFRA loci and by

mutations in the NF1 locus (Neftel et al., 2019). Further analyses

of pan-cancer data regarding intratumoral heterogeneity of the

different cancer types revealed that transcriptomic profiles appear

to be inherently variable when it comes to gene expression related to

oncogenic signaling, proliferation, complement/immune response,

and hypoxia (Gavish et al., 2021).

The presence of glioblastoma stem-like cells (GSCs) within

the tumor mass, hypoxic microenvironment, and poor infiltration

of immune cells to the core of the tumor is perceived to be

the other reasons why anti-tumor therapies fail to be efficient.

Agnieszka Bronisz (Mossakowski Medical Research Institute, Polish

Academy of Sciences, Warsaw, Poland) presented an interesting

therapeutic approach designed to target GSCs with the oncolytic

herpes virus (oHSV)-based immunotherapy. It was illustrated in

the talk that oHSV infection alone may activate the host antitumor

immune system by triggering “immunosecretion”, i.e., the release

of antigens and cytokines that stimulate the immune response. The

presented data showed that upon infection with oHSV and the

transcriptome- and secretome-associated proteins are regulated in

GSC. The observed changes have been linked to T-cell-mediated

cytotoxicity and B-cell-dependent immune response memory.

On the other hand, detailed downstream analyses identified the

presence of stress-resistant and oHSV-resistant GSCs located in the

hypoxic niche. Transcriptome-wide data revealed that the tumor

microenvironment shapes two distinguishing characteristics of

GSCs: increased cell-to-cell communication with immune cells and

metabolic shift toward hypoxic adaptation, both with signatures

predictive of glioblastoma patent survival. One of the antisense

lncRNAs has been identified as a sensor of response and adaptation

of GSCs to hypoxia. Further analyses pointed out that it might be a

promising therapeutic target for glioblastoma therapy, especially in

combination with oncolytic virus immunotherapy.

The relevance of ncRNAs for tumorigenesis, tumor

progression, and relapse was commented on in Anna’s Krichevsky

(Brigham and Women’s Hospital and Harvard Medical School,

Boston, USA) talk (Brigham and Women’s Hospital and Harvard

Medical School, HMS Initiative in RNA Medicine, Boston, USA).

In particular, the role of the network is composed of a few distinct

ncRNAs including a miRNA, enhancer-associated RNA, promoter-

associated RNA, and snRNA. The central part of that network is

miR-10b, a miRNA that remains silent in the brain cortex and

becomes upregulated in gliomas where it is known to serve a

tumor-promoting role. The two mentioned lncRNAs are involved

in the chromatin folding and concordant regulation of miR-10b

and other co-transcribed genes. The network remains inactive in

homeostatic astrocytes and becomes activated during neoplastic

transformation. In addition, Krichevsky’s group evidenced that

direct binding between miR-10b and U6 has a strong impact on

downstream U6 interaction with splicing factors SART3 and PRPF

(El Fatimy et al., 2022). These results shed new light on the nuclear

function of one of the major cancer-associated miRNAs.

Zaneta Zarebska (Institute of Bioorganic Chemistry, Polish

Academy of Sciences, Poznan, Poland) presented results on

circRNAs and their role in gliomagenesis and GBM progression.

RNA-seq results obtained from GBM samples revealed the

differential expression patterns within the tumor samples

compared with the normal brain. Specific circRNAs have been

found to correlate with the GBM molecular subtypes, which

is another attempt for providing better stratification that may

underlie the future personalized treatment of patients with GBM.

Katarzyna Leszczynska (Nencki Institute of Experimental

Biology, Warsaw, Poland) shifted the attention to the pediatric

high-grade gliomas (pHGG) and one of the recognized mutations

in histone H3 that is specific for these tumors: H3F3A variant.

Chromatin-modifying agents, including histone deacetylase

(HDAC) inhibitors, have been identified as promising candidate

therapeutics against pHGG. The treatments of HDAC inhibitors

provided also new directions in targeting H3K27M-expressing

cells. However, the precise correspondence between the efficiency

and chromatin response of that treatment is still not completely
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understood. The presented data focused on the chromatin

alterations induced by HDAC inhibitors and the role of histone

variants in response to these therapies. With the multiple cellular

models expressing the H3K27M histone variant, several new drugs

with sub-micromolar efficacy in killing H3K27M-expressing cells

were identified. The results pointed out that direct analysis of the

chromatin landscape, and particularly the expression of histone

variants in pHGG, and provide new insights into chromatin

response to specific epigenetic treatments.

Nucleic acid therapies in the brain

Many nucleic acid-based therapeutics, mainly antisense

oligonucleotides (ASOs), have recently entered the clinical

trial phase. This progress is particularly evident in the field of

neurodegenerative diseases, such as HD, where the strategies for

lowering the level of mutant protein with ASO or RNAi appear to

be very promising. Unfortunately, despite many years of research

and the positive results of preclinical studies, some clinical trials

had to be terminated prematurely due to ASO ineffectiveness or

unexpected side effects. The main problem is still the effective

and minimally invasive delivery of the therapeutic to the brain

and its specificity. One line of research is the development of new

gene therapy constructs and viral vectors for the targeted delivery

of therapeutic molecules such as RNAi triggers or CRISPR-Cas

system components. Our speakers raised all these important issues

in their speeches.

Leontien van der Bent (uniQure biopharma B.V., Amsterdam,

the Netherlands) demonstrated recent advances in the

development of miRNA-based gene therapies for the treatment

of various CNS disorders, including HD, temporal lobe epilepsy,

amyotrophic lateral sclerosis, synucleinopathies, and AD.

MiQure technology relies on vector-based RNAi triggers, also

known as artificial miRNAs (Kotowska-Zimmer et al., 2021),

to specifically knockdown target RNAs. The advantage of this

approach, as compared with ASO-based technology, is the

possibility of obtaining a long-term therapeutic effect after a single

administration of the viral vector. It is worth mentioning that

uniQure is currently conducting Phase I–II clinical trials of the first

AAV gene therapy for HD in which rAAV5-miHTT is delivered

directly to the brain by MRI-guided stereotactic infusion (https://

clinicaltrials.gov/ct2/show/NCT04120493). This stage of research

was preceded by numerous preclinical studies in rodents, mini

pigs, and non-human primate models, which demonstrated the

effectiveness and safety of the approach (Spronck et al., 2021).

Undoubtedly, the last decade was the time of genome editing

technology, which gave great hope in the context of gene therapy.

Still, the biggest problem is the safety of the technology. Nicole

Deglon (Neuroscience Research Center and Department of Clinical

Neuroscience, Hospital and University of Lausanne, Switzerland),

an expert in the field of viral gene transfer, presented her research

on the development of the second-generation AAV-KamiCas9 self-

activating system for the efficient and safe editing of CNS disease

genes. Transient expression of the Cas9 protein decreases the risk

of off-target effects, while optimized AAV vectors ensure efficient

transduction of specific brain circuits affected in neurodegenerative

disorders (Merienne et al., 2017).

Another class of therapeutics showing a wide spectrum of

applications is ASOs. The therapeutic potential of short antisense

oligonucleotide steric blockers and small compounds targeting

expanded CGG repeats in FMR1 5’UTR was demonstrated

by Krzysztof Sobczak (Institute of Molecular Biology and

Biotechnology, Adam Mickiewicz University, Poznan, Poland).

CGG repeat expansion reaching 55–200 triplets leads to the

development of FXTAS syndrome. The toxicity of the RNA

containing expanded CGG repeats results in the sequestration of

nuclear proteins involved in RNA metabolism, the initiation of

non-canonical translation of the polyglycine-containing protein

which forms nuclear insoluble inclusion, and the formation of

the R-loop structure. ASO LNA designed by the Sobczak group is

specific to bind and disrupt the RNA structure formed by CGG

repeats during transcription, thereby abolishing all these toxic

effects. These ASOs have been shown to improve motor behavior

and rescue gene expression abnormalities associated with FXTAS in

a mouse model of the disease (Derbis et al., 2021). Interestingly, the

authors observed non-specific upregulation of other CGG repeat

transcripts; however, protein levels remained unchanged.

A careful evaluation of the effects induced by ASO was the

topic presented by Savani A. Anbalagan (Institute of Molecular

Biology and Biotechnology, Adam Mickiewicz University, Poznan,

Poland) (Adam Mickiewicz University, PL). He showed that ASO

targeting the splicing site of a protein-coding gene embedded in

ncRNA may influence the expression and function of the ncRNA.

In this study, ASO-inducing intron retention events and increased

gene expression resulted in defects in axonal morphogenesis in

zebrafish larvae. Without careful evaluation of this phenomenon

and the application of appropriate controls, it could have been

misinterpreted as an effect of the protein-coding gene.

Lorea Blazquez (Biodonostia Health Research Institute, San

Sebastian, Spain) studies aberrant regulation of RNA processing

in neurological disorders and her talk focused on frontotemporal

dementia. A non-coding mutation in the GRN gene leads to an

abnormal splicing pattern that causes GRN mRNA degradation

and progranulin haploinsufficiency. She showed that the CRISPR-

dCas13 system can not only be used to identify a target sequence

in a pre-mRNA for RNA-based therapeutic strategies but also

can be used as a therapeutic approach to restore the GRN

open reading frame. RNA-targeting CRISPR-dCas13 has some

advantages over ASO or the traditional CRISPR-Cas9 system. It

can be expressed from viral vectors without the need for repeated

administration and appears to be at least theoretically safer than

DNA targeting Cas9. However, more research is needed to confirm

its therapeutic potential.

Conclusion

The increasing synergy between RNA biology and neuroscience

brings the research in the interface of both disciplines to a new

level that enables us to look into physiology with a molecular

resolution and in a high-throughput manner. The first edition

of the NeuroRNA conference illustrated how rapidly developing

new technologies focused on RNA can enrich our understanding
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of the basic molecular processes in neural cells and contribute to

the formulation of new research hypotheses that aim to bring us

closer to unraveling the complexity of the human brain and to

find cures for complex neurological conditions. In his biography,

Santiago Ramón y Cajal penned “It is commonplace fact that

scientific discoveries are a function of the methods used.” That

notion definitely holds true when contemplating NeuroRNA 2022.

A few summary points on the presented and discussed insights

that are worth highlighting as follows:

1. The repertoire of neural cell types and subtypes in the

adult human brain, both neurons and glia, is much

more heterogenous when considering transcriptome-based

classification, i.e., >3,000 cell types discovered in the adult

human brain as based on RNA single-nuclei sequencing.

2. Plasticity of certain neural cells, i.e., the possibility to acquire

new states and transit between states. It is more often

evidenced with scRNA-seq and trajectory inference methods

(e.g., for oligodendrocytes, microglia, glioblastoma tumor

cells, and glioblastoma stem cells).

3. Alternative transcript isoforms and 3’UTR usage (including

APA) are commonplace in neural cells, cell type-specific,

and likely context-dependent (i.e., isoform switch may occur

depending on the condition). This phenomenon will be

surely investigated further delivering new knowledge on how

RNA isoforms influence the diversification of proteome on a

cell type basis.

4. Local translation is not restricted to neurons. Other polarized

and highly structured cell types feature regulated the

transport of a specific subset of transcripts to perform local

synthesis of specific proteins in cell peripheries, that is,

evidenced by microglia and the production of phagocytosis-

related factors in microglial processes, and astrocytes and

local synthesis of proteins with roles in regulating synapses

in astrocyte peripheral processes.

5. Subcellular localization of regulatory RNAs is one of the

determinants of their versatility, e.g., miRNAs may function

in a non-canonical way in the nucleus, and re-localization

of regulatory RNAs might be associated with the pathology

(epilepsy and tumorigenesis).

6. The landscape of non-coding RNAs which is functional

in the brain is quickly progressing with many newly

identified molecular roles that influence the physiology of

the CNS on a cell type basis and oftentimes in a sex-

based manner. Of note, a poster presentation by Vittorio

Padovano (Sapienza University, Rome, Italy) on lncRNA

in motor neurons supported by lncRNA knockout in

the mouse model was awarded the best poster award at

the conference.

Many alterations in the transcriptome, specific mutated

transcripts, disease-specific transcript isoforms, mislocalized

regulatory RNAs, etc., are carefully examined with the ultimate aim

to find causative and treatable pathological targets in the CNS. A

new generation of therapeutics that are more precise and specific

in reaching the targets is on the horizon, and we hope that in the

next incarnation of NeuroRNA, we will learn about the progress

in that matter. Last but not the least, we would like to express our

gratitude to the conference speakers for the inspiring talks and for

sharing fresh, oftentimes unpublished results, the audience for the

stimulating discussions, and the sponsors for their support.
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