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Schizophrenia (SZ) is a severe psychiatric disorder which is contributed by
both genetic and environmental factors. However, at present, its specific
pathogenesis is still not very clear, and there is a lack of objective and reliable
biomarkers. Accumulating evidence indicates that long non-coding RNAs
(IncRNAs) are involved in the pathophysiology of several psychiatric disorders,
including SZ, and hold promise as potential biomarkers and therapeutic
targets for psychiatric disorders. In this review, we summarize and discuss
the role of IncRNAs in the pathogenesis of SZ and their potential value as
biomarkers and therapeutic targets.

schizophrenia, long non-coding RNAs, pathophysiology, biomarker, therapy

Introduction

Schizophrenia (SZ) is a severe psychiatric disorder characterized by the
incoordination of mental activities, which involves disorders of sensory perception,
thinking, emotion, behavior, and so on (1). The disease typically presents in late
adolescence or early adulthood with a lifetime prevalence of approximately 1% (2), a
protracted disease course with high recurrence and disability rates, and a substantial
disease burden for families and society (1). Because SZ is a complex and heterogeneous
disorder, its exact pathogenesis has been unclear so far. It is generally accepted that
the occurrence and development of SZ result from a combination of genetic and
environmental factors, and multiple pathophysiological mechanisms may be involved
(1). These include neurotransmitter system abnormalities (3), neurodevelopmental
disorders (4), immune dysfunction (5), redox imbalance (6), glial cell dysfunction (7),
and gut microbiota alterations (8). In addition, the clinical diagnosis of SZ mainly relies
on symptomatology, lacks objective and reliable biomarkers, and is highly prone to
underdiagnosis and misdiagnosis (1).
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Long non-coding RNAs (IncRNAs), a class of RNA
transcripts greater than 200 nucleotides in length without
protein coding capacity, were once considered as transcriptional
noise (9). Most IncRNAs,like mRNAs, are transcribed by
RNA polymerase II (Pol II) and are capped, polyadenylated
and alternatively spliced. However, IncRNAs function is
closely related to its subcellular localization (10, 11). For
example: In the nucleus, IncRNAs regulate the structure
and function of chromatin by interacting with chromatin
and regulating the transcription and alternative splicing of
genes by interacting with transcription factors and splicing
factors. In the cytoplasm, IncRNAs play a role of post
transcriptional regulation by regulating the stability and
translation of mRNAs and post-translational modifications.
In mitochondria, IncRNAs not only regulate mitochondrial
structure and function, but also play an important role in
the reciprocal communication between mitochondria and the
nucleus. In exosomes, IncRNAs play a role in information
communication between cells (12).

Recent studies have reported that IncRNAs have remarkable
spatiotemporal expression profiles and exhibit highly specific
expression patterns in the brain (13), which have been
reported to function as regulatory molecules involved in
the pathogenesis of central nervous system (CNS) disorders
including psychiatric disorders (14). For example: in depression,
IncRNAs can mediate pathogenesis by regulating various
pathways such as neurotransmitters and neurotrophic factors
and affecting synaptic transmission (15), in autism spectrum
disorder, by regulating various pathways such as immune
responses, neural development and synaptic transmission (16),
and in bipolar disorder, by regulating numerous pathways
such as neuroinflammation, prominent plasticity and cell
proliferation (17). Meanwhile IncRNAs can be detected in
various types of body fluids of human body with good
availability, which are considered as potential biomarkers and
therapeutic targets for CNS disorders (18). In this review,
we summarize and discuss the role of IncRNAs in the
pathogenesis of SZ and their potential value as biomarkers and
therapeutic targets.

Role of long hon-coding RNAs in
the pathogenesis of schizophrenia

Recently, several studies have identified differentially
expressed IncRNAs in the peripheral circulating blood and
postmortem brain tissues of patients with SZ, and some of
them performed bioinformatics analysis of these differentially
expressed IncRNAs. Ren et al. found differentially expressed
IncRNAs associated with mitochondrial function in peripheral
blood of 19 drug-naive early-onset SZ (EOS) patients and
18 healthy control subjects (19). Hu et al. found no
differentially expressed IncRNAs in postmortem orbitofrontal

Frontiers in Psychiatry

02

10.3389/fpsyt.2022.995956

cortex (BAll) of 16 SZ patients and 12 healthy control
subjects, 34 and 1 differentially expressed IncRNAs each in
postmortem anterior cingulate cortex (BA24) and postmortem
dorsolateral prefrontal cortex (BA9) of 6 SZ patients and
6 healthy control subjects. Bioinformatics analysis identified
these differentially expressed IncRNAs involved in immune
system, brain development, myelination, and oligodendrocyte
differentiation (20). In addition, there are two other studies
exploring the expression of IncRNAs and their potential roles
in the amygdala of patients with SZ. Liu et al. found 250
differentially expressed IncRNAs in the amygdala region of
22 SZ patients and 24 healthy control subjects, among which
RP11-677M14.2 showed decreased expression in the paranoid
subtype and RP11-724N1.1 showed increased expression in
the undifferentiated subtype (21). Tian et al. identified 110
differentially expressed IncRNAs in the amygdala region
of 21 SZ patients and 24 healthy control subjects, and
subsequently classified 21 SZ patients into five paranoid,
seven disorganized, and nine undifferentiated. Compared with
controls, 171 differentially expressed IncRNAs were found in the
undifferentiated subtype, 45 differentially expressed IncRNAs
were found in disorganized subtype, and no differentially
expressed IncRNAs were found in the paranoid subtype.
Bioinformatics analysis identified that these differentially
expressed IncRNAs were related to synaptic transmission,
ribosome function and immune function (22). Taken together,
it is suggested that IncRNAs may not only be involved in
the pathogenesis of SZ, but also can be used to distinguish
subtypes of SZ. In addition, the results of the bioinformatics
analysis deserve further experimental verification in the
future.

In addition to the results of bioinformatics analysis, related
basic experimental results further indicated that IncRNAs play
an important role in the pathogenesis of SZ, including the
involvement of immune function, alternative splicing and
expression of genes, etc. (Table 1). As the roles of IncRNAs in
the pathogenesis of SZ continue to be decoded, this will provide
a valuable theoretical basis for subsequent IncRNAs as potential
biomarkers and therapeutic targets for this disease.

Long non-coding RNAs involved in
immune function

Immune dysregulation plays an important role in the
pathogenesis of SZ (23). A meta-analysis identified dysregulated
cytokine expression in peripheral blood in SZ, which includes
interferon-gamma (IFNG) (24). Ghafelehbashi et al. found that
IncRNA TFNG-AS1 expression was decreased in peripheral
blood mononuclear cells (PBMCs) of SZ patients and positively
correlated with IFNG expression level (25). In fact, previous
studies have found that IFNG-AS1 can promote IFNG
expression through the mechanism of histone methylation (26).
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TABLE 1 Studies that investigated the role of IncRNAs in schizophrenia.

10.3389/fpsyt.2022.995956

LncRNAs Samples Changes/ Source Function References
Polymorphism
IFNG-AS1 27 SZ and 32 healthy controls Down PBMCs The expression level of IFNG-AS1 (25)
was positively correlated with that of
IFNG.
AC006129.1 Monozygotic twins Up Peripheral AC006129.1 Binds to the promoter (27)
discordant for SZ blood region of the transcriptional repressor
CIC, facilitates the interactions of
DNA methyltransferases with the CIC
promoter, and promotes DNA
methylation-mediated CIC
downregulation, thereby ameliorating
CIC-induced SOCS3 and CASP1
repression.
RP5-998N21.4 Monozygotic twins Up Peripheral RP5-998N21.4 Promotes immune (28)
discordant for SZ blood defense by upregulating IFIT2 and
IFIT3.
Gomafu 28 SZ and 28 healthy controls Down Superior Gomafu can bind to multiple splicing (32, 39, 40)
temporal factors and participate in the
gyrus alternative splicing of DISC1 and
ERBB4.Gomafu knockout mice
exhibit mild hyperactivity and
anxiety-like behavior.
DGCR5 259 BrainGVEX control CNV Brain DGCRS5 regulates the expression of (34)
brain samples and 37 certain SZ-related genes.
Developmental Capstone
samples from the developing
human brain
EU358092 GWAS, GenBank, ENCODE within the Brain Expression of EU358092 is regulated (35)
schizophrenia- by psychotropic drugs treatment in
associated region at the human SH-SY5Y neuroblastoma
1p21.3 cell line, and EU358092 and MIR137
are commonly co-expressed in vivo.
NEAT1 28 SZ and 22 healthy controls Down Multiple NEAT1 is involved in the regulation (37)
cortical of oligodendrocyte function.
areas
NONHSAT089447 106 SZ and 48 healthy Up PBMCs NONHSAT08944 regulates dopamine (42)
controls receptor expression.
Gomafu 1,093 SZ and 1,180 healthy rs1894720, rs4274 Peripheral There was a significant association of (43)
controls blood rs1894720 with paranoid SZ in the
leukocytes Chinese Han population, and a weak
association of rs4274 with paranoid
SZ in the Chinese Han population.
LINCO00461 GWAS, 32 first-onset SZ and rs410216 peripheral rs410216 was significantly associated (44)
48 healthy controls blood cells with risk of SZ, and subjects carrying
the rs410216 risk allele exhibited
reduced volume and lower linc00461
transcript levels in the hippocampus.
1linc01080 1139 SZ and 1039 healthy 1rs7990916 Peripheral rs7990916 may affect the age of onset (46)
controls blood and neurocognitive function of
patients with SZ.
LOC105372125 548 SZ and 598 healthy 1rs12966547 Peripheral rs12966547 was significantly (47)
controls blood associated with the risk of SZ in Han

Chinese women, but not in Han

Chinese men.

Ni et al. found upregulated IncRNA-AC006129.1 expression
in the peripheral blood of monozygotic twins discordant for
SZ (27). AC006129.1 overexpressing mice exhibited abnormal
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behaviors associated with SZ, AC006129.1 was further found
to bind to the promoter region of the transcriptional

repressor Capicua (CIC), facilitating DNA methyltransferases
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to interact with the CIC promoter region and resulting in
downregulation of CIC expression, thereby reversing CIC
mediated inhibition of expression of SOCS3 and CASPI.
Increased expression of SOCS3 may enhance anti-inflammatory
responses by inhibiting JAK/STAT signaling activation, whereas
increased expression of CASP1 may enhance pro-inflammatory
responses by promoting interleukin-18 (IL-1f) secretion
(27). This result indicated that AC006129.1 regulated not
only pro-inflammatory response but also anti-inflammatory
response, and this regulation pattern would provide a new
idea for the study of the pathogenesis of SZ. Notably, the
team identified an additional IncRNA RP5-998N21.4 with
upregulated expression in the peripheral blood samples of
monozygotic twins discordant for SZ, and further experiments
found that RP5-998N21.4 is required for enhancing interferon-
induced protein with tetratricopeptide repeat (IFIT) 2- and
IFIT3-mediated immune defense responses by activating the
signal transducer and activator of transcription 1 (STAT1)
signaling pathway (28).

Long non-coding RNAs involved in
regulating alternative splicing and
expression of genes

Aberrant alternative splicing has been reported in SZ in
several genes related to neurodevelopment and neurological
function (29), including DISC1 (disrupted in schizophrenia
1) and ErbB4 (Erb-B2 receptor tyrosine kinase 4) (30,
31). Recent studies have found that the gene for IncRNA
Gomafu (also known as MIAT and RNCR?2), which is located
in the chromosome 22ql2.1 region implicated in SZ, is
downregulated in cortical gray matter of the postmortem
superior temporal gyrus of patients with SZ (32), but elevated
in PBMCs (33). Barry et al. found that Gomafu can bind
to multiple splicing factors, and dysregulated expression of
Gomafu would lead to DISC1 gene and ErbB4 gene occurrence
similar to the aberrant alternative splicing pattern found
in SZ (32).

Meng et al. identified IncRNA DGCRS5 in the chromosome
22q11.2 copy number variation (CNV) regions associated with
the risk of SZ. Subsequent knockdown and overexpression
of DGCR5 in human neural progenitor cells derived from
human induced pluripotent stem cells, DGCR5 was found
to regulate the expression of several SCZ-related genes (34).
In addition, Gianfrancesco et al. identified a novel IncRNA
EU358092 in chromosome 1p21.3 that was highly associated
with SZ. EU358092 expression was found to be regulated
by psychosine in human SH-SY5Y neuroblastoma cell line,
and co-expressed with MIR137 involved in SZ pathogenesis
in vivo. MIR137 is located in the same chromosomal region
as EU358092, suggesting that EU358092 may regulate MIR137
expression (35).
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Other long non-coding RNAs-based
molecular links in schizophrenia

LncRNAs can also contribute to the pathogenesis of SZ
through other mechanisms of action. The first mechanism of
action is to mediate the oligodendrocyte dysfunction present in
SZ and the myelin defects they produce (36): IncRNA NEAT1
expression was downregulated in multiple cortical regions of
SZ and in peripheral blood (37, 38). Knockout of NEAT1
in mice affected the expression of multiple genes involved
in oligodendrocyte differentiation and was accompanied by a
decrease in the number of OLG-lineage cells in the frontal
cortex, suggesting that NEAT1 is involved in OLG functions,
including myelination (37). A second mechanism of action may
mediate anxiety-like behaviors and mildly hyperactive behaviors
associated with SZ: Knockdown of Gomafu in the medial
prefrontal cortex of mice increases anxiety-like behaviors.
Further experiments revealed that Gomafu represses beta
crystallin (Crybbl) expression by interacting with the polycomb
repressive complex 1 (PRC1) in the Crybbl promoter region to
reduce anxiety-like behaviors in mice (39). In addition, Gomafu
knockout mice also showed mild hyperactivity behaviors.
This hyperactive behavior was enhanced when knockout mice
were treated with the psychostimulant methamphetamine,
which was associated with an increase in dopamine release
in the nucleus accumbens. In addition, RNA sequencing
analysis identified several genes whose expression is regulated
by Gomafu, and a subset of these genes have important
neurobiological functions (40). A third mechanism of action is
to regulate the dopaminergic system, which is closely related
to SZ: The expression level of IncRNA NON-HSAT089444
was significantly upregulated in the PBMCs of SZ patients
(41), and knockdown of NON-HSAT08944 was found to
decrease the expression of dopamine receptors (DR) D3
and DRD5 in cytology experiments, while overexpression of
NON-HSAT08944 upregulated DRD3 and DRD5 expression,
suggesting that NON-HSAT08944 is involved in dopamine
signaling pathway via upregulation of DRDs (42).

Long non-coding RNAs
single-nucleotide polymorphisms and
schizophrenia

In recent years, several studies have found that single-
nucleotide polymorphisms (SNPs) within IncRNAs-coding
genes involved in the pathogenesis of SZ are associated with the
risk of SZ. Rao et al. conducted a two-stage (discovery sample
and replication sample) association analysis of eight tag SNPs
covering the entire IncRNA MIAT locus in Han Chinese SZ case-
control cohorts and found a significant association of rs1894720
of MIAT with paranoid SZ in a Chinese Han population,
whereas rs4274 had a weak association (43). In addition, they
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showed that LINC00461 expression levels in peripheral blood
cells of first-episode SZ patients were significantly lower than
those in healthy controls before and after 12 weeks of treatment,
rs410216 of LINC00461 was significantly associated with the risk
of SZ. And subjects carrying the risk allele of rs410216 exhibited
reduced volume and lower LINC00461 transcript levels in the
hippocampus. It is suggested that LINC00461 underexpression
in the hippocampus is associated with the development of SZ
and can be a therapeutic target (44). In addition, LINC00461
has been identified as a pleiotropic gene for major mental
disorders (45).

Qi et al. found in a Chinese Han population that rs7990916
of linc01080 was significantly associated with the age of onset
of SZ patients, and patients with the T allele had an earlier
age of onset than CC genotype carriers. In terms of cognitive
function, patients with the T allele had lower cognitive scores
than CC genotype carriers. It is suggested that rs7990916 of
linc01080 may affect the age of onset and cognitive function
of patients with SZ (46). Zhao et al. found that rs12966547 of
LOC105372125 was significantly associated with the risk of SZ
and bipolar disorder (BD) in Han Chinese women, but not in
Han Chinese men. Suggested that rs12966547 of LOC105372125
is a common genetic variant for SZ and BD in Han Chinese
women (47).

Long non-coding RNAs as
biomarkers in schizophrenia

In recent years, to explore whether IncRNAs have potential
as biomarkers for SZ, several studies have focused on exploring
the expression of IncRNAs in the peripheral circulating blood of
patients with SZ (Table 2). Chen et al. found 125 differentially
expressed IncRNAs, of which 62 were upregulated and 63
were downregulated, from 106 SZ patients who had not
taken any antipsychotic drugs for at least 3 months and
48 matched healthy controls. It is worth noting that the
expression levels of NON-HSAT089447, NON-HSAT021545
and NON-HSAT041499 were significantly upregulated in SZ
patients. The expression levels of NON-HSAT089447 and NON-
HSAT041499 were significantly decreased after 6 weeks of
antipsychotic treatment, And the downregulation of NON-
HSAT041499 expression was significantly associated with the
improvement of positive and active symptoms after treatment
(41). It was further found that these three up-regulated IncRNAs
could serve as potential biomarkers to distinguish SZ from
major depressive disorder (MDD) and generalized anxiety
disorder (GAD) (48).

Others have explored the diagnostic and prognostic value
of nine and four IncRNAs in the plasma and peripheral
blood of patients with SZ, respectively. It was found that
some of these IncRNAs could serve as biomarkers for
the diagnosis and prognosis of SZ (33, 38). In addition,
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some studies have found that IncRNAs related to brain-
derived neurotrophic factor (BDNF), nuclear factor-kB (NF-
kB) signaling pathway, Vitamin D receptor (VDR), and
heterochromatin function in immune cells can be used as
diagnostic biomarkers in the peripheral blood of SZ patients
(49-52). At the same time, there are some IncRNAs based on
sex-specific dysregulation in the peripheral blood of SZ patients,
and these IncRNAs can be used as diagnostic biomarkers
(53, 54).

The prospect of long non-coding
RNAs as therapeutic targets in
schizophrenia

LncRNAs with key roles in the pathogenesis of SZ may hold
promise as potential therapeutic targets. In addition, IncRNAs
are lower than proteins in eliciting an immune response in
the body, and low expression levels, lack of translation and
rapid turnover may contribute to faster therapeutic effects
at lower doses (55). However, no studies have reported the
therapeutic effects of targeting IncRNAs in SZ. This section
briefly describes the preclinical research and clinical research
progress of the currently popular IncRNAs targeting methods
(Small interfering RNAs (siRNAs), antisense oligonucleotides
(ASOs) and CRISPR/Cas9), and provides a reference for
subsequent IncRNA-based drugs development.

SiRNAs are double stranded RNA (dsRNA) molecules
consisting of 20-25 base pairs that can complement target
IncRNAs and then recruit the arginine-containing RNA-
induced silencing complex (RISC) to promote IncRNAs
degradation. In the study of IncRNAs, siRNAs have been
applied in multiple preclinical models to explore the therapeutic
implications of targeting IncRNAs in various diseases (56—
58). However, siRNAs still face a major challenge: off-target.
Although chemical modification and low doses of siRNA can
alleviate this problem, off-target effects remain (59). With
the approval of five siRNAs drugs that appear sequentially
worldwide (60-64), siRNA drugs targeting IncRNAs may enter
a whole new era.

ASOs are a single-stranded DNA oligos, and ASOs are
able to interfere with the level of target sequences in many
ways, among which one of the most important interference
pathways of ASOs is binding to target RNAs, forming a DNA-
RNA complex and then recruiting RNase H to degrade RNAs
(65). In recent years, preclinical studies of ASOs targeting
IncRNAs are thriving (66-68). In addition, the FDA approved
the clinical trial of Andes-1537, an ASO to achieve solid tumor
treatment by targeting antisense non-coding mitochondrial
RNA (ASncmtRNA) in mitochondrial long non-coding RNA
(mtlncRNA), and phase I clinical results showed that Andes-
1537 was well tolerated, but it was discontinued (the second
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TABLE 2 LncRNAs expression as biomarkers in schizophrenia.

10.3389/fpsyt.2022.995956

LncRNAs Samples Source Expression Clinical significance References
NONHSAT089447, 106 SZ and 48 PBMCs Up Down-regulation of NONHSAT089447 (41)
NONHSAT021545, healthy controls and NONHSAT041499 expression after
NONHSAT041499 treatment, down-regulation of
NONHSAT041499 expression is
correlated with symptom improvement in
SZ patients.
PNKY 50 SZ and 50 healthy ~ Peripheral blood Up AUC=0.78. (49)
controls
CHAST, CEBPA, 50 SZ and 50 healthy ~ Peripheral blood Up CHAST: AUC = 0.79, CEBPA: (52)
DICERI1-AS1, H19, controls AUC = 0.948, DICER1-AS1: AUC = 0.676,
HNF1A-AS1 H19: AUC = 0.815, HNF1A-ASI:
AUC=0.79
SNHGS6, LINC00346, 50 SZ and 50 healthy Peripheral blood Up SNHG6: AUC = 0.932, LINC00346: (50)
LINC00511 controls AUC =0.795, LINC00511: AUC = 0.706.
HOXA-AS2, Linc-ROR, 60 SZ and 60 healthy Peripheral blood Up only in female Combination of Linc-ROR, MEG3, (54)
MEG3, SPRY4-IT1, UCA1 controls patients SPRY4-IT1 and UCA1 expression levels
could differentiate female patients with
95.2% sensitivity, 76.9% specificity and
diagnostic power of 0.88.
FAS-AS1,PVTI1, UGL, GAS5, 50 SZ and 50 healthy =~ Whole venous blood Down (FAS-AS1, Diagnosis of SZ in male persons: FAS-AS1:  (53)
NEAT1, OIP5-AS1, THRIL controls PVTI1, TUG1), Up AUC =0.825,TUG1: AUC = 0.832,PVT1:
(THRIL) AUC =0.83.
Diagnosis of SZ in female persons: GAS5:
AUC =0.93, NEATI:
AUC = 0.86,0IP5-AS1: AUC = 0.87,
THRIL: AUC = 0.817.
Gomafu, AK096174, 48 SZ and 49 healthy PBMCs Down (AK096174, The combined diagnostic value of (33)
AK123097, DB340248, controls AK123097, AK096174 and ENST0000509804-1:
uc0lldma.l, DB340248, AUC = 0.925. The expression levels of
ENST00000509804-1, ENST00000509804- AK123097, uc011dma.1 and
ENST00000509804-2 1, ENST00000509804-1 were reversed after
ENST00000509804- treatment, which correlated with SZ
2) Up (Gomafu, severity.
uc0lldma.l)
Neatl, Neat2 9 untreated SZ?9 SZ Peripheral blood Down The expression levels of Neatl and Neat2 (38)
and 9 healthy were increased after treatment.
controls
MEGS3, PINT, GAS5 86 Psychosis (63 SZ PBMCs Down (PINT, The expression level of MEG3 decreased (51)

and 23 BD) and 44
healthy controls

GAS5), Up (MEG3)

after treatment, while the expression level
of PINT and GAS5 did not change.

part was terminated to redefine the new protocol) (69).
Recently, relevant studies have conducted more in-depth
studies on the mechanism of action of ASncmtRNA, laying
a foundation for further targeting ASncmtRNA for rational
clinical application (70). in addition, several ASO drugs for
the treatment of neurodegenerative diseases are currently
approved for marketing, but all are administered by invasive
intrathecal methods (71). But recently developed a cholesterol
modified ASO that can cross the blood-brain barrier (BBB)
and inhibit the expression of target genes in brain and spinal
cord cells by subcutaneous or intravenous injection (72), the
findings overcome the difficulty of targeting ASOs to the
CNS and bring new hope for the future treatment of CNS
diseases by ASOs. Indeed the study detected ASO drugs in
the liver and kidney (72), which is also a technical issue with
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current ASOs: off-target. Further technological advances are still
needed in the future.

The CRISPR/Cas9 system is a heritable adaptive immune
defense system in prokaryotes. It contains two important
components, a single-stranded guide RNA (sgRNA) and the
Cas9 endonuclease. The sgRNA complementary to the target
sequence guides the Cas9 endonuclease to cleave the specifically
targeted DNA (73). Two DNA repair mechanisms are then
utilized to repair the broken DNA, namely non-homologous
end-joining (NHE]) or homology-directed repair (HDR). With
these two repair mechanisms, insertion and knockout of genes
can be achieved (74). Currently, the therapeutic effects of
CRISPR/Cas9 targeting IncRNAs are still limited to basic
research (75, 76). Among them, off-target effects and lack of
safe and efficient targeted delivery vehicles are the key factors
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that constrain their clinical translation (77). In response to
these issues, recently, studies have dissected the structural
features of CRISPR/Cas9 to generate off-target effects, based
on which Cas9 variants with both the dual advantages of low
off-target effect and high cleavage rate have been developed,
which can reduce the off target efficiency by a factor of
thousands, making the CRISPR/Cas9 system safer and efficient
(78). In addition, related studies have also developed a novel
type of ionizable lipid nanoparticle and extracellular vesicles
as delivery vehicles (79, 80). These studies will enhance the
prospect of using CRISPR/Cas9 mediated genome editing for
disease treatment.

Discussion

From the current study, we review and summarize the
findings of some IncRNAs that have been implicated in SZ.
These IncRNAs may not only play important roles in the
pathogenesis of SZ, but also serve as potential biomarkers and
therapeutic targets for this disease in the future.

Currently, some dysregulated IncRNAs in SZ patients have
been identified to play key roles in its pathogenesis. However,
the biological functions and mechanisms of IncRNAs in SZ
are still preliminary and need to be further explored. This will
facilitate further understanding of the pathogenesis of SZ as
well as the development of new diagnostic and therapeutic
strategies. In addition, genetic mutations in IncRNAs themselves
are also involved in the pathogenesis of SZ and increase
the risk of SZ, but the specific mechanism needs to be
further explored. It is worth noting that aberrant methylation
and mutation of IncRNAs genes may be responsible for
dysregulated expression of IncRNAs in SZ patients (44,
81, 82).

The current study demonstrated that IncRNAs in peripheral
circulating blood could serve as biomarkers for clinical diagnosis
and prognosis of SZ. In addition, In addition, recent studies
have also found that IncRNAs capture features of SZ tissue
more accurately than mRNAs, and machine learning of
RNA-seq data from dorsolateral prefrontal cortex (DLPFC)
found an average prediction accuracy of 67% for SZ patients
based on coding genes and 96% for SZ patients based
on IncRNAs (83). But there are still some problems and
challenges regarding the study of IncRNAs as biomarkers for
SZ: (1) The study designs regarding IncRNAs as biomarkers
for SZ are discovery studies with small clinical samples and
lack validation studies; (2) The expression of IncRNAs has
developmental stage and tissue or cell type specificity. That
is, the expression of IncRNAs is spatiotemporal (84-86). It
also has characteristics that are influenced by other factors
such as gender, medications as well as comorbidities. It is
therefore also critical to select suitable and standardized clinical
samples; (3) It is noteworthy that recent studies have found
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differences in the expression levels of IncRNAs in serum
exosomes of patients with SZ compared with healthy controls
(87). Considering that exosomes can cross the BBB and
transfer from the central to the peripheral blood (88). The
identification of brain-derived IncRNAs may be the key to
explore potential IncRNAs biomarkers in SZ; (4) Since there
are many similarities of clinical symptoms between SZ and
other psychiatric disorders, it is of great clinical importance
to possess SZ specific biomarkers, especially to improve the
efficiency of disease diagnosis. Although three IncRNAs were
identified in PBMCs of SZ patients and might be potential
biomarkers for distinguishing SZ from MDD and GAD (48),
whether it could also distinguish SZ from other psychiatric
disorders (such as bipolar disorder or autism) remains to
be further explored; (5) Due to the diversity of pathogenic
factors and the heterogeneity of clinical manifestations in
SZ (89), it is possible that single IncRNAs may not work
well as biomarkers. Therefore, combining IncRNAs with other
biomarkers may be considered to improve the ability of
diagnosis and prognosis; (6) The discovery of IncRNAs in the
amygdala region of SZ patients that can be used to distinguish
subtypes of SZ suggests that IncRNAs may serve as biomarkers
for SZ subtypes (21), but currently no subtype grouping
has been performed when exploring IncRNAs expression in
the peripheral blood of SZ patients, which deserves further
exploration in the future.

So far, although most studies on therapeutic IncRNAs
targeting are still in the preclinical stage (90), and no
studies have reported the therapeutic effects of targeting
IncRNAs in SZ, indicated that
IncRNAs can serve as potential therapeutic targets for SZ.

relevant studies have
In recent years, there have been a variety of therapeutic
strategies for IncRNAs as therapeutic targets, including
siRNAs, ASOs and CRISPR/Cas9.

But these treatment have some

small interfering

strategies safety and
technical problems in itself, moreover, the etiology of
SZ is considered to be multifactorial, so the effectiveness
regarding IncRNAs as therapeutic targets for SZ cannot be
overestimated, and future studies may consider combining
IncRNAs with other therapeutic agents to enhance the
therapeutic efficacy.

In conclusion, IncRNAs are involved in the pathogenesis
of SZ and provide a new approach for disease diagnosis and
treatment, which is of great clinical research value. However,
the current study is still in the preliminary stage, and it deserves
further investigation in the future.

Author contributions

GW was responsible for reviewing the literature and writing
the manuscript. XD, ZL, YD, JL, and XL participated in
providing ideas for the article. SL and YX participated in revising

frontiersin.org


https://doi.org/10.3389/fpsyt.2022.995956
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org/

Wu et al.

the manuscript. All authors contributed to the article and
approved the submitted version.

Funding

This work was supported by the National Natural Science
Foundation of China (82271546, 81701326, and 81971601),
the Shanxi Provincial Science and Technology Achievements
Transformation and Guidance Project (201904D131020), the
Shanxi Provincial Department of Education University Science
and Technology Innovation Plan Project (202010203), the
Shanxi Provincial Science and Technology Innovation Team
of Multidisciplinary Diagnosis and Treatment of Cognitive
Impairment (201705D131027), and the Research Project
Supported by Shanxi Scholarship Council of China (2022-190).

References

1. Owen MJ, Sawa A, Mortensen PB. Schizophrenia. Lancet. (2016) 388:86-97.
doi: 10.1016/S0140-6736(15)01121-6

2. Saha S, Chant D, Welham J, McGrath J. A systematic review of the prevalence
of schizophrenia. PLoS Med. (2005) 2:e141. doi: 10.1371/journal.pmed.0020141

3. Yang AC, Tsai SJ. New targets for schizophrenia treatment beyond the
dopamine hypothesis. Int ] Mol Sci. (2017) 18:1689. doi: 10.3390/ijms18081689

4. Haddad FL, Patel SV, Schmid S. Maternal immune activation by poly i:c as
a preclinical model for neurodevelopmental disorders: a focus on autism and
schizophrenia. Neurosci Biobehav Rev. (2020) 113:546-67. doi: 10.1016/j.neubiorev.
2020.04.012

5.Muller N. Inflammation in schizophrenia: pathogenetic aspects and
therapeutic considerations. Schizophr Bull. (2018) 44:973-82. doi: 10.1093/schbul/
sby024

6. Cuenod M, Steullet P, Cabungcal JH, Dwir D, Khadimallah I, Klauser P, et al.
Caught in vicious circles: a perspective on dynamic feed-forward loops driving
oxidative stress in schizophrenia. Mol Psychiatry. (2022) 27:1886-97. doi: 10.1038/
541380-021-01374-w

7. Dietz AG, Goldman SA, Nedergaard M. Glial cells in schizophrenia: a unified
hypothesis. Lancet Psychiatry. (2020) 7:272-81. doi: 10.1016/S2215-0366(19)
30302-5

8. Munawar N, Ahsan K, Muhammad K, Ahmad A, Anwar MA, Shah I,
et al. Hidden role of gut microbiome dysbiosis in schizophrenia: antipsychotics
or psychobiotics as therapeutics? Int ] Mol Sci. (2021) 22:7671. doi: 10.3390/
ijms22147671

9. Iyer MK, Niknafs YS, Malik R, Singhal U, Sahu A, Hosono Y, et al. The
landscape of long noncoding RNAs in the human transcriptome. Nat Genet. (2015)
47:199-208. doi: 10.1038/ng.3192

10. Zhang X, Wang W, Zhu W, Dong J, Cheng Y, Yin Z, et al. Mechanisms and
functions of long non-coding RNAs at multiple regulatory levels. Int ] Mol Sci.
(2019) 20:5573. doi: 10.3390/ijms20225573

11. Statello L, Guo CJ, Chen LL, Huarte M. Gene regulation by long non-coding
RNAs and its biological functions. Nat Rev Mol Cell Biol. (2021) 22:96-118. doi:
10.1038/s41580-020-00315-9

12. Bridges MC, Daulagala AC, Kourtidis A. LNCcation: IncRNA localization
and function. J Cell Biol. (2021) 220:e202009045. doi: 10.1083/jcb.202009045

13. Policarpo R, Sierksma A, De Strooper B, d’Ydewalle C. From Junk to
Function: LncRNAs in CNS Health and Disease. Front Mol Neurosci. (2021)
14:714768. doi: 10.3389/fnmol.2021.714768

14. Hosseini E, Bagheri-Hosseinabadi Z, De Toma I, Jafarisani M, Sadeghi 1. The
importance of long non-coding RNAs in neuropsychiatric disorders. Mol Aspects
Med. (2019) 70:127-40. doi: 10.1016/j.mam.2019.07.004

Frontiers in Psychiatry

08

10.3389/fpsyt.2022.995956

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

15. Hao WZ, Chen Q, Wang L, Tao G, Gan H, Deng L], et al. Emerging roles of
long non-coding RNA in depression. Prog Neuropsychopharmacol Biol Psychiatry.
(2022) 115:110515. doi: 10.1016/j.pnpbp.2022.110515

16. Ghafouri-Fard S, Noroozi R, Brand S, Hussen BM, Eghtedarian R, Taheri M,
et al. Emerging Role of Non-coding RNAs in Autism Spectrum Disorder. ] Mol
Neurosci. (2022) 72:201-16. doi: 10.1007/s12031-021-01934-3

17. Ghafouri-Fard S, Badrlou E, Taheri M, Dursteler KM, Beatrix Bruhl A,
Sadeghi-Bahmani D, et al. A comprehensive review on the role of non-coding
RNAs in the pathophysiology of bipolar disorder. Int ] Mol Sci. (2021) 22:5156.
doi: 10.3390/ijms22105156

18. Bhattacharyya N, Pandey V, Bhattacharyya M, Dey A. Regulatory role of long
non coding RNAs (IncRNAs) in neurological disorders: From novel biomarkers
to promising therapeutic strategies. Asian J Pharm Sci. (2021) 16:533-50. doi:
10.1016/j.2jps.2021.02.006

19. Ren Y, Cui Y, Li X, Wang B, Na L, Shi J, et al. A co-expression network analysis
reveals IncRNA abnormalities in peripheral blood in early-onset schizophrenia.
Prog Neuropsychopharmacol Biol Psychiatry. (2015) 63:1-5. doi: 10.1016/j.pnpbp.
2015.05.002

20. Hu J, Xu J, Pang L, Zhao H, Li F, Deng Y, et al. Systematically characterizing
dysfunctional long intergenic non-coding RNAs in multiple brain regions of major
psychosis. Oncotarget. (2016) 7:71087-98. doi: 10.18632/oncotarget.12122

21. Liu Y, Chang X, Hahn CG, Gur RE, Sleiman PAM, Hakonarson H. Non-
coding RNA dysregulation in the amygdala region of schizophrenia patients
contributes to the pathogenesis of the disease. Transl Psychiatry. (2018) 8:44. doi:
10.1038/s41398-017-0030-5

22. Tian T, Wei Z, Chang X, Liu Y, Gur RE, Sleiman PMA, et al. The Long
Noncoding RNA Landscape in Amygdala Tissues from Schizophrenia Patients.
EBioMedicine. (2018) 34:171-81. doi: 10.1016/j.ebiom.2018.07.022

23. Ermakov EA, Melamud MM, Buneva VN, Ivanova SA. Immune system
abnormalities in schizophrenia: an integrative view and translational perspectives.
Front Psychiatry. (2022) 13:880568. doi: 10.3389/fpsyt.2022.880568

24. Goldsmith DR, Rapaport MH, Miller B]. A meta-analysis of blood cytokine
network alterations in psychiatric patients: comparisons between schizophrenia,
bipolar disorder and depression. Mol Psychiatry. (2016) 21:1696-709. doi: 10.1038/
mp.2016.3

25. Ghafelehbashi H, Pahlevan Kakhki M, Kular L, Moghbelinejad §,
Ghafelehbashi SH. Decreased Expression of IFNG-AS1, IFNG and IL-1B
Inflammatory Genes in Medicated Schizophrenia and Bipolar Patients. Scand J
Immunol. (2017) 86:479-85. doi: 10.1111/sji.12620

26. Spurlock CF III, Tossberg JT, Guo Y, Collier SP, Crooke PS III, Aune TM.
Expression and functions of long noncoding RNAs during human T helper cell
differentiation. Nat Commun. (2015) 6:6932. doi: 10.1038/ncomms7932

frontiersin.org


https://doi.org/10.3389/fpsyt.2022.995956
https://doi.org/10.1016/S0140-6736(15)01121-6
https://doi.org/10.1371/journal.pmed.0020141
https://doi.org/10.3390/ijms18081689
https://doi.org/10.1016/j.neubiorev.2020.04.012
https://doi.org/10.1016/j.neubiorev.2020.04.012
https://doi.org/10.1093/schbul/sby024
https://doi.org/10.1093/schbul/sby024
https://doi.org/10.1038/s41380-021-01374-w
https://doi.org/10.1038/s41380-021-01374-w
https://doi.org/10.1016/S2215-0366(19)30302-5
https://doi.org/10.1016/S2215-0366(19)30302-5
https://doi.org/10.3390/ijms22147671
https://doi.org/10.3390/ijms22147671
https://doi.org/10.1038/ng.3192
https://doi.org/10.3390/ijms20225573
https://doi.org/10.1038/s41580-020-00315-9
https://doi.org/10.1038/s41580-020-00315-9
https://doi.org/10.1083/jcb.202009045
https://doi.org/10.3389/fnmol.2021.714768
https://doi.org/10.1016/j.mam.2019.07.004
https://doi.org/10.1016/j.pnpbp.2022.110515
https://doi.org/10.1007/s12031-021-01934-3
https://doi.org/10.3390/ijms22105156
https://doi.org/10.1016/j.ajps.2021.02.006
https://doi.org/10.1016/j.ajps.2021.02.006
https://doi.org/10.1016/j.pnpbp.2015.05.002
https://doi.org/10.1016/j.pnpbp.2015.05.002
https://doi.org/10.18632/oncotarget.12122
https://doi.org/10.1038/s41398-017-0030-5
https://doi.org/10.1038/s41398-017-0030-5
https://doi.org/10.1016/j.ebiom.2018.07.022
https://doi.org/10.3389/fpsyt.2022.880568
https://doi.org/10.1038/mp.2016.3
https://doi.org/10.1038/mp.2016.3
https://doi.org/10.1111/sji.12620
https://doi.org/10.1038/ncomms7932
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org/

Wu et al.

27.Ni C, Jiang W, Wang Z, Wang Z, Zhang ], Zheng X, et al. LncRNA-
AC006129.1 reactivates a SOCS3-mediated anti-inflammatory response through
DNA methylation-mediated CIC downregulation in schizophrenia. Mol Psychiatry.
(2021) 26:4511-28. doi: 10.1038/s41380-020-0662-3

28.Guo B, Jiang T, Wu E Ni H, Ye J, Wu X, et al. LncRNA RP5-
998N21.4 promotes immune defense through upregulation of IFIT2 and IFIT3 in
schizophrenia. NPJ Schizophr. (2022) 8:11. doi: 10.1038/s41537-021-00195-8

29. Morikawa T, Manabe T. Aberrant regulation of alternative pre-mRNA
splicing in schizophrenia. Neurochem Int. (2010) 57:691-704. doi: 10.1016/j.neuint.
2010.08.012

30. Nakata K, Lipska BK, Hyde TM, Ye T, Newburn EN, Morita Y, et al.
DISC1 splice variants are upregulated in schizophrenia and associated with risk
polymorphisms. Proc Natl Acad Sci USA. (2009) 106:15873-8. doi: 10.1073/pnas.
0903413106

31. Law AJ, Kleinman JE, Weinberger DR, Weickert CS. Disease-associated
intronic variants in the ErbB4 gene are related to altered ErbB4 splice-variant
expression in the brain in schizophrenia. Hum Mol Genet. (2007) 16:129-41. doi:
10.1093/hmg/dd1449

32. Barry G, Briggs JA, Vanichkina DP, Poth EM, Beveridge NJ, Ratnu VS,
et al. The long non-coding RNA Gomafu is acutely regulated in response to
neuronal activation and involved in schizophrenia-associated alternative splicing.
Mol Psychiatry. (2014) 19:486-94. doi: 10.1038/mp.2013.45

33.Jia], LiuX,MaL, XuY, Ren Y. A preliminary analysis of LncRNA biomarkers
for schizophrenia. Epigenomics. (2021) 13:1443-58. doi: 10.2217/epi-2021-0223

34. Meng Q, Wang K, Brunetti T, Xia Y, Jiao C, Dai R, et al. The DGCR5 long
noncoding RNA may regulate expression of several schizophrenia-related genes.
Sci Transl Med. (2018) 10:eaat6912. doi: 10.1126/scitranslmed.aat6912

35. Gianfrancesco O, Warburton A, Collier DA, Bubb V], Quinn JP. Novel brain
expressed RNA identified at the MIR137 schizophrenia-associated locus. Schizophr
Res. (2017) 184:109-15. doi: 10.1016/j.schres.2016.11.034

36. Haroutunian V, Katsel P, Roussos P, Davis KL, Altshuler LL, Bartzokis G.
Myelination, oligodendrocytes, and serious mental illness. Glia. (2014) 62:1856-77.
doi: 10.1002/glia.22716

37. Katsel P, Roussos P, Fam P, Khan S, Tan W, Hirose T, et al. The expression
of long noncoding RNA NEAT1 is reduced in schizophrenia and modulates
oligodendrocytes transcription. NPJ Schizophr. (2019) 5:3. doi: 10.1038/s41537-
019-0071-2

38.Li J, Zhu L, Guan E Yan Z, Liu D, Han W, et al. Relationship between
schizophrenia and changes in the expression of the long non-coding RNAs Meg3,
Miat, Neatl and Neat2. ] Psychiatr Res. (2018) 106:22-30. doi: 10.1016/j.jpsychires.
2018.09.005

39. Spadaro PA, Flavell CR, Widagdo J, Ratnu VS, Troup M, Ragan C, et al. Long
Noncoding RNA-Directed Epigenetic Regulation of Gene Expression Is Associated
With Anxiety-like Behavior in Mice. Biol Psychiatry. (2015) 78:848-59. doi: 10.
1016/j.biopsych.2015.02.004

40. Ip JY, Sone M, Nashiki C, Pan Q, Kitaichi K, Yanaka K, et al. Gomafu
IncRNA knockout mice exhibit mild hyperactivity with enhanced responsiveness
to the psychostimulant methamphetamine. Sci Rep. (2016) 6:27204. doi: 10.1038/
srep27204

41. Chen S, Sun X, Niu W, Kong L, He M, Li W, et al. Aberrant Expression
of Long Non-Coding RNAs in Schizophrenia Patients. Med Sci Monit. (2016)
22:3340-51. doi: 10.12659/msm.896927

42. Chen S, Zhu X, Niu W, Yao G, Kong L, He M, et al. Regulatory Role of IncRNA
NONHSAT089447 in the Dopamine Signaling Pathway in Schizophrenic Patients.
Med Sci Monit. (2019) 25:4322-32. doi: 10.12659/MSM.915684

43.Rao SQ, Hu HL, Ye N, Shen Y, Xu Q. Genetic variants in long non-
coding RNA MIAT contribute to risk of paranoid schizophrenia in a Chinese Han
population. Schizophr Res. (2015) 166:125-30. doi: 10.1016/j.schres.2015.04.032

44. Rao S, Tian L, Cao H, Baranova A, Zhang F. Involvement of the long
intergenic non-coding RNA LINC00461 in schizophrenia. BMC Psychiatry. (2022)
22:59. doi: 10.1186/s12888-022-03718-4

45. Liu S, Rao S, Xu Y, Li J, Huang H, Zhang X, et al. Identifying common
genome-wide risk genes for major psychiatric traits. Hum Genet. (2020) 139:185-
98. doi: 10.1007/s00439-019-02096-4

46.Qi Y, Wei Y, Yu E Lin Q, Yin J, Fu J, et al. Association study of a genetic
variant in the long intergenic noncoding RNA (linc01080) with schizophrenia in
Han Chinese. BMC Psychiatry. (2021) 21:613. doi: 10.1186/s12888-021-03623-2

47. Zhao Z, Zhu L, Wu X, Chen Q, Xu B, Yang J, et al. Genome-wide association
studies-supported rs12966547 variant of the long noncoding RNA LOC105372125
is significantly associated with susceptibility to schizophrenia and bipolar disorder
in Han Chinese women. Psychiatr Genet. (2022) 32:74-9. doi: 10.1097/YPG.
0000000000000312

Frontiers in Psychiatry

09

10.3389/fpsyt.2022.995956

48. Cui X, Niu W, Kong L, He M, Jiang K, Chen S, et al. Long noncoding
RNA as an indicator differentiating schizophrenia from major depressive disorder
and generalized anxiety disorder in nonpsychiatric hospital. Biomark Med. (2017)
11:221-8. doi: 10.2217/bmm-2016-0317

49. Badrlou E, Ghafouri-Fard S, Omrani MD, Neishabouri SM, Arsang-Jang S,
Taheri M, et al. Expression of BDNF-Associated IncRNAs in Treatment-Resistant
Schizophrenia Patients. ] Mol Neurosci. (2021) 71:2249-59. doi: 10.1007/s12031-
020-01772-9

50. Ghafouri-Fard S, Eghtedarian R, Seyedi M, Pouresmaeili F, Arsang-Jang
S, Taheri M. Upregulation of VDR-associated IncRNAs in Schizophrenia. ] Mol
Neurosci. (2022) 72:239-45. doi: 10.1007/s12031-021-01901-y

51. Sudhalkar N, Rosen C, Melbourne JK, Park MR, Chase KA, Sharma RP.
Long non-coding rnas associated with heterochromatin function in immune cells
in psychosis. Noncoding RNA. (2018) 4:43. doi: 10.3390/ncrna4040043

52. Safa A, Badrlou E, Arsang-Jang S, Sayad A, Taheri M, Ghafouri-Fard S.
Expression of NF-kappaB associated IncRNAs in schizophrenia. Sci Rep. (2020)
10:18105. doi: 10.1038/541598-020-75333-w

53. Safari MR, Komaki A, Arsang-Jang S, Taheri M, Ghafouri-Fard S. Expression
Pattern of Long Non-coding RNAs in Schizophrenic Patients. Cell Mol Neurobiol.
(2019) 39:211-21. doi: 10.1007/s10571-018-0640-3

54. Fallah H, Azari I, Neishabouri SM, Oskooei VK, Taheri M, Ghafouri-Fard
S. Sex-specific up-regulation of IncRNAs in peripheral blood of patients with
schizophrenia. Sci Rep. (2019) 9:12737. doi: 10.1038/s41598-019-49265-z

55. Mukherjee N, Calviello L, Hirsekorn A, de Pretis S, Pelizzola M, Ohler U.
Integrative classification of human coding and noncoding genes through RNA
metabolism profiles. Nat Struct Mol Biol. (2017) 24:86-96. doi: 10.1038/nsmb.3325

56. Shi P, Li M, Song C, Qi H, Ba L, Cao Y, et al. Neutrophil-like cell membrane-
coated siRNA of IncRNA AABR07017145.1 therapy for cardiac hypertrophy via
inhibiting ferroptosis of CMECs. Mol Ther Nucleic Acids. (2022) 27:16-36. doi:
10.1016/j.omtn.2021.10.024

57. Deng M, Zhang Z, Xing M, Liang X, Li Z, Wu J, et al. LncRNA MRAK159688
facilitates morphine tolerance by promoting REST-mediated inhibition of mu
opioid receptor in rats. Neuropharmacology. (2022) 206:108938. doi: 10.1016/j.
neuropharm.2021.108938

58. Pang H, Ren Y, Li H, Chen C, Zheng X. LncRNAs linc00311 and AK141205
are identified as new regulators in STAT3-mediated neuropathic pain in bCCI rats.
Eur ] Pharmacol. (2020) 868:172880. doi: 10.1016/j.ejphar.2019.172880

59. Neumeier J, Meister G. siRNA Specificity: RNAi Mechanisms and Strategies
to Reduce Off-Target Effects. Front Plant Sci. (2020) 11:526455. doi: 10.3389/fpls.
2020.526455

60. Adams D, Gonzalez-Duarte A, O’Riordan WD, Yang CC, Ueda M,
Kristen AV, et al. Patisiran, an RNAi Therapeutic, for Hereditary Transthyretin
Amyloidosis. N Engl ] Med. (2018) 379:11-21. doi: 10.1056/NEJMoal716153

61. Balwani M, Sardh E, Ventura P, Peiro PA, Rees DC, Stolzel U, et al. Phase 3
Trial of RNAi Therapeutic Givosiran for Acute Intermittent Porphyria. N Engl |
Med. (2020) 382:2289-301. doi: 10.1056/NEJMoal913147

62. Scott L], Keam SJ. Lumasiran: first approval. Drugs. (2021) 81:277-82. doi:
10.1007/s40265-020-01463-0

63. Lamb YN. Correction to: inclisiran: first approval. Drugs. (2021) 81:1129.
doi: 10.1007/s40265-021-01529-7

64. Aimo, A, Castiglione V, Rapezzi C, Franzini M, Panichella G, Vergaro G, et al.
RNA-targeting. and gene editing therapies for transthyretin amyloidosis. Nat Rev
Cardiol. (2022):doi: 10.1038/541569-022-00683-z

65. Crooke ST. Molecular Mechanisms of Antisense Oligonucleotides. Nucleic
Acid Ther. (2017) 27:70-7. doi: 10.1089/nat.2016.0656

66. Xiu B, Chi Y, Liu L, Chi W, Zhang Q, Chen J, et al. LINC02273 drives breast
cancer metastasis by epigenetically increasing AGR2 transcription. Mol Cancer.
(2019) 18:187. doi: 10.1186/s12943-019-1115-y

67. Liu J, Liu ZX, Wu QN, Lu YX, Wong CW, Miao L, et al. Long noncoding
RNA AGPG regulates PFKFB3-mediated tumor glycolytic reprogramming. Nat
Commun. (2020) 11:1507. doi: 10.1038/s41467-020-15112-3

68. Massone S, Ciarlo E, Vella S, Nizzari M, Florio T, Russo C, et al. NDM?29,
a RNA polymerase III-dependent non coding RNA, promotes amyloidogenic
processing of APP and amyloid beta secretion. Biochim Biophys Acta. (2012)
1823:1170-7. doi: 10.1016/j.bbamcr.2012.05.001

69. Dhawan, MS, Aggarwal RR, Boyd E, Comerford K, Zhang ], Mendez B, et al.
Phase 1. study of ANDES-1537: A novel antisense oligonucleotide against non-
coding mitochondrial DNA in advanced solid tumors. Am Soc Clin Oncol. (2018)
36:2557. doi: 10.1200/JC0.2018.36.15_suppl.2557

70. Fitzpatrick C, Bendek MFE, Briones M, Farfan N, Silva VA, Nardocci G,
et al. Mitochondrial ncRNA targeting induces cell cycle arrest and tumor growth

frontiersin.org


https://doi.org/10.3389/fpsyt.2022.995956
https://doi.org/10.1038/s41380-020-0662-3
https://doi.org/10.1038/s41537-021-00195-8
https://doi.org/10.1016/j.neuint.2010.08.012
https://doi.org/10.1016/j.neuint.2010.08.012
https://doi.org/10.1073/pnas.0903413106
https://doi.org/10.1073/pnas.0903413106
https://doi.org/10.1093/hmg/ddl449
https://doi.org/10.1093/hmg/ddl449
https://doi.org/10.1038/mp.2013.45
https://doi.org/10.2217/epi-2021-0223
https://doi.org/10.1126/scitranslmed.aat6912
https://doi.org/10.1016/j.schres.2016.11.034
https://doi.org/10.1002/glia.22716
https://doi.org/10.1038/s41537-019-0071-2
https://doi.org/10.1038/s41537-019-0071-2
https://doi.org/10.1016/j.jpsychires.2018.09.005
https://doi.org/10.1016/j.jpsychires.2018.09.005
https://doi.org/10.1016/j.biopsych.2015.02.004
https://doi.org/10.1016/j.biopsych.2015.02.004
https://doi.org/10.1038/srep27204
https://doi.org/10.1038/srep27204
https://doi.org/10.12659/msm.896927
https://doi.org/10.12659/MSM.915684
https://doi.org/10.1016/j.schres.2015.04.032
https://doi.org/10.1186/s12888-022-03718-4
https://doi.org/10.1007/s00439-019-02096-4
https://doi.org/10.1186/s12888-021-03623-2
https://doi.org/10.1097/YPG.0000000000000312
https://doi.org/10.1097/YPG.0000000000000312
https://doi.org/10.2217/bmm-2016-0317
https://doi.org/10.1007/s12031-020-01772-9
https://doi.org/10.1007/s12031-020-01772-9
https://doi.org/10.1007/s12031-021-01901-y
https://doi.org/10.3390/ncrna4040043
https://doi.org/10.1038/s41598-020-75333-w
https://doi.org/10.1007/s10571-018-0640-3
https://doi.org/10.1038/s41598-019-49265-z
https://doi.org/10.1038/nsmb.3325
https://doi.org/10.1016/j.omtn.2021.10.024
https://doi.org/10.1016/j.omtn.2021.10.024
https://doi.org/10.1016/j.neuropharm.2021.108938
https://doi.org/10.1016/j.neuropharm.2021.108938
https://doi.org/10.1016/j.ejphar.2019.172880
https://doi.org/10.3389/fpls.2020.526455
https://doi.org/10.3389/fpls.2020.526455
https://doi.org/10.1056/NEJMoa1716153
https://doi.org/10.1056/NEJMoa1913147
https://doi.org/10.1007/s40265-020-01463-0
https://doi.org/10.1007/s40265-020-01463-0
https://doi.org/10.1007/s40265-021-01529-7
https://doi.org/10.1038/s41569-022-00683-z
https://doi.org/10.1089/nat.2016.0656
https://doi.org/10.1186/s12943-019-1115-y
https://doi.org/10.1038/s41467-020-15112-3
https://doi.org/10.1016/j.bbamcr.2012.05.001
https://doi.org/10.1200/JCO.2018.36.15_suppl.2557
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org/

Wu et al.

inhibition of MDA-MB-231 breast cancer cells through reduction of key cell cycle
progression factors. Cell Death Dis. (2019) 10:423. doi: 10.1038/s41419-019-1649-3

71. Rinaldi C, Wood MJA. Antisense oligonucleotides: the next frontier for
treatment of neurological disorders. Nat Rev Neurol. (2018) 14:9-21. doi: 10.1038/
nrneurol.2017.148

72. Nagata T, Dwyer CA, Yoshida-Tanaka K, Thara K, Ohyagi M, Kaburagi
H, et al. Cholesterol-functionalized DNA/RNA heteroduplexes cross the blood-
brain barrier and knock down genes in the rodent CNS. Nat Biotechnol. (2021)
39:1529-36. doi: 10.1038/s41587-021-00972-x

73. Hryhorowicz M, Lipinski D, Zeyland J, Slomski R. CRISPR/Cas9 Immune
System as a Tool for Genome Engineering. Arch Immunol Ther Exp (Warsz). (2017)
65:233-40. doi: 10.1007/s00005-016-0427-5

74. Pawelczak KS, Gavande NS, VanderVere-Carozza PS, Turchi JJ. Modulating
DNA Repair Pathways to Improve Precision Genome Engineering. ACS Chem Biol.
(2018) 13:389-96. doi: 10.1021/acschembio.7b00777

75.Li C, Cao Y, Zhang L, Li ], Wang J, Zhou Y, et al. CRISPR-CasRx Targeting
LncRNA LINC00341 Inhibits Tumor Cell Growth in vitro and in vivo. Front Mol
Biosci. (2021) 8:638995. doi: 10.3389/fmolb.2021.638995

76. Wolter JM, Mao H, Fragola G, Simon JM, Krantz JL, Bazick HO, et al. Cas9
gene therapy for Angelman syndrome traps Ube3a-ATS long non-coding RNA.
Nature. (2020) 587:281-4. doi: 10.1038/s41586-020-2835-2

77. He ], Biswas R, Bugde P, Li J, Liu DX, Li Y. Application of CRISPR-Cas9
System to Study Biological Barriers to Drug Delivery. Pharmaceutics. (2022) 14:894.
doi: 10.3390/pharmaceutics14050894

78. Bravo JPK, Liu MS, Hibshman GN, Dangerfield TL, Jung K, McCool RS,
et al. Structural basis for mismatch surveillance by CRISPR-Cas9. Nature. (2022)
603:343-7. doi: 10.1038/s41586-022-04470- 1

79. Li C, Yang T, Weng Y, Zhang M, Zhao D, Guo S, et al. Ionizable lipid-assisted
efficient hepatic delivery of gene editing elements for oncotherapy. Bioact Mater.
(2022) 9:590-601. doi: 10.1016/j.bioactmat.2021.05.051

80. Osteikoetxea X, Silva A, Lazaro-Ibanez E, Salmond N, Shatnyeva O, Stein J,
et al. Engineered Cas9 extracellular vesicles as a novel gene editing tool. J Extracell
Vesicles. (2022) 11:€12225. doi: 10.1002/jev2.12225

Frontiers in Psychiatry

10

10.3389/fpsyt.2022.995956

81. Liao Q, Wang Y, Cheng J, Dai D, Zhou X, Zhang Y, et al. DNA methylation
patterns of protein coding genes and long noncoding RNAs in female schizophrenic
patients. Eur ] Med Genet. (2015) 58:95-104. doi: 10.1016/j.ejmg.2014.
12.001

82.Liao Q, Wang Y, Cheng ], Dai D, Zhou X, Zhang Y, et al. DNA
methylation patterns of protein-coding genes and long non-coding RNAs in males
with schizophrenia. Mol Med Rep. (2015) 12:6568-76. doi: 10.3892/mmr.2015.
4249

83. Liu Y, Qu HQ, Chang X, Tian L, Qu J, Glessner J, et al. Machine Learning
Reduced Gene/Non-Coding RNA Features That Classify Schizophrenia Patients
Accurately and Highlight Insightful Gene Clusters. Int ] Mol Sci. (2021) 22:3364.
doi: 10.3390/ijms22073364

84. Yan L, Yang M, Guo H, Yang L, Wu ], Li R, et al. Single-cell RNA-Seq profiling
of human preimplantation embryos and embryonic stem cells. Nat Struct Mol Biol.
(2013) 20:1131-9. doi: 10.1038/nsmb.2660

85. Liu SJ, Nowakowski TJ, Pollen AA, Lui JH, Horlbeck MA, Attenello
FJ, et al. Single-cell analysis of long non-coding RNAs in the developing
human neocortex. Genome Biol. (2016) 17:67. doi: 10.1186/s13059-016-0
932-1

86. Sarropoulos I, Marin R, Cardoso-Moreira M, Kaessmann H. Developmental
dynamics of IncRNAs across mammalian organs and species. Nature. (2019)
571:510-4. doi: 10.1038/s41586-019-1341-x

87. Guo C, LiJ, Guo M, Bai R, Lei G, Sun H, et al. Aberrant expressions of MIAT
and PVTI in serum exosomes of schizophrenia patients. Schizophr Res. (2022)
240:71-2. doi: 10.1016/j.schres.2021.12.013

88. Gomez-Molina C, Sandoval M, Henzi R, Ramirez JP, Varas-Godoy M, Luarte
A, et al. Small Extracellular Vesicles in Rat Serum Contain Astrocyte-Derived
Protein Biomarkers of Repetitive Stress. Int J Neuropsychopharmacol. (2019)
22:232-46. doi: 10.1093/ijnp/pyy098

89. Jauhar S, Johnstone M, McKenna PJ. Schizophrenia. Lancet. (2022) 399:473-
86. doi: 10.1016/S0140-6736(21)01730-X

90. Chen Y, Li Z, Chen X, Zhang S. Long non-coding RNAs: From disease
code to drug role. Acta Pharm Sin B. (2021) 11:340-54. doi: 10.1016/j.apsb.2020.
10.001

frontiersin.org


https://doi.org/10.3389/fpsyt.2022.995956
https://doi.org/10.1038/s41419-019-1649-3
https://doi.org/10.1038/nrneurol.2017.148
https://doi.org/10.1038/nrneurol.2017.148
https://doi.org/10.1038/s41587-021-00972-x
https://doi.org/10.1007/s00005-016-0427-5
https://doi.org/10.1021/acschembio.7b00777
https://doi.org/10.3389/fmolb.2021.638995
https://doi.org/10.1038/s41586-020-2835-2
https://doi.org/10.3390/pharmaceutics14050894
https://doi.org/10.1038/s41586-022-04470-1
https://doi.org/10.1016/j.bioactmat.2021.05.051
https://doi.org/10.1002/jev2.12225
https://doi.org/10.1016/j.ejmg.2014.12.001
https://doi.org/10.1016/j.ejmg.2014.12.001
https://doi.org/10.3892/mmr.2015.4249
https://doi.org/10.3892/mmr.2015.4249
https://doi.org/10.3390/ijms22073364
https://doi.org/10.1038/nsmb.2660
https://doi.org/10.1186/s13059-016-0932-1
https://doi.org/10.1186/s13059-016-0932-1
https://doi.org/10.1038/s41586-019-1341-x
https://doi.org/10.1016/j.schres.2021.12.013
https://doi.org/10.1093/ijnp/pyy098
https://doi.org/10.1016/S0140-6736(21)01730-X
https://doi.org/10.1016/j.apsb.2020.10.001
https://doi.org/10.1016/j.apsb.2020.10.001
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org/

	The emerging role of long non-coding RNAs in schizophrenia
	Introduction
	Role of long non-coding RNAs in the pathogenesis of schizophrenia
	Long non-coding RNAs involved in immune function
	Long non-coding RNAs involved in regulating alternative splicing and expression of genes
	Other long non-coding RNAs-based molecular links in schizophrenia
	Long non-coding RNAs single-nucleotide polymorphisms and schizophrenia

	Long non-coding RNAs as biomarkers in schizophrenia
	The prospect of long non-coding RNAs as therapeutic targets in schizophrenia
	Discussion
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	References


