& frontiers

@ Check for updates

OPEN ACCESS

Jorge Busciglio,
University of California, Irvine, United States

Yingzi Hou,
Emory University, United States

Satoshi Inoue
sinoue@tmig.or.jp

03 February 2023
04 April 2023
03 May 2023

Sato K, Takayama K-i and Inoue S (2023) Role
of piRNA biogenesis and its neuronal function
in the development of neurodegenerative
diseases.

Front. Aging Neurosci. 15:1157818.

doi: 10.3389/fnagi.2023.1157818

© 2023 Sato, Takayama and Inoue. This is an
open-access article distributed under the terms
of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction
in other forums is permitted, provided the
original author(s) and the copyright owner(s)
are credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted which
does not comply with these terms.

Frontiers in Aging Neuroscience

Frontiers in Aging Neuroscience

Mini Review
03 May 2023
10.3389/fnagi.2023.1157818

Role of piRNA biogenesis and its
neuronal function in the
development of
neurodegenerative diseases

Kaoru Sato'?, Ken-ichi Takayama? and Satoshi Inoue™

!Department of Systems Aging Science and Medicine, Tokyo Metropolitan Institute for Geriatrics and
Gerontology (TMIG), Tokyo, Japan, ?Integrated Research Initiative for Living Well with Dementia (IRIDE),
Tokyo Metropolitan Institute for Geriatrics and Gerontology (TMIG), Tokyo, Japan

Neurodegenerative diseases, such as Alzheimer’s disease (AD), Parkinson's disease
(PD), and amyotrophic lateral sclerosis (ALS), are caused by neuronal loss and
dysfunction. Despite remarkable improvements in our understanding of these
pathogeneses, serious worldwide problems with significant public health burdens
are remained. Therefore, new efficient diagnostic and therapeutic strategies are
urgently required. PIWI-interacting RNAs (piRNAs) are a major class of small
non-coding RNAs that silence gene expression through transcriptional and
post-transcriptional processes. Recent studies have demonstrated that piRNAs,
originally found in the germ line, are also produced in non-gonadal somatic cells,
including neurons, and further revealed the emerging roles of piRNAs, including
their roles in neurodevelopment, aging, and neurodegenerative diseases. In this
review, we aimed to summarize the current knowledge regarding the piRNA roles
in the pathophysiology of neurodegenerative diseases. In this context, we first
reviewed on recent updates on neuronal piRNA functions, including biogenesis,
axon regeneration, behavior, and memory formation, in humans and mice.
We also discuss the aberrant expression and dysregulation of neuronal piRNAs
in neurodegenerative diseases, such as AD, PD, and ALS. Moreover, we review
pioneering preclinical studies on piRNAs as biomarkers and therapeutic targets.
Elucidation of the mechanisms underlying piRNA biogenesis and their functions in
the brain would provide new perspectives for the clinical diagnosis and treatment
of AD and various neurodegenerative diseases.

piRNA, PIWI, neurodegenerative disease, aging, biomarker, dementia, neuron

1. Introduction

Over the past two decades, advances in next-generation sequencing (NGS) technologies
have led to the discovery of numerous small non-coding RNAs (sncRNAs), including small
interfering RNAs (siRNAs), microRNAs (miRNAs), and P-element-induced wimpy testis
(PIWI)-interacting RNAs (piRNAs) (Siomi et al., 2011; Czech et al., 2018; Sato and Siomi, 2020;
Wu and Zamore, 2021; Wang X. et al., 2022). These small RNAs engage in a gene silencing
mechanism called RNA silencing, in which gene expression is negatively regulated by sequence-
specific sncRNAs (Kim et al., 2009; Siomi et al., 2011).

In piRNA-mediated RNA silencing, piRNAs form a complex with PIWT proteins, which are
highly conserved Argonaute protein family members, and guide the PIWI-piRNA complex to
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gene transcripts with complementary sequences to silence their
expression at the transcriptional and post-transcriptional levels (Kim
et al,, 2009; Siomi et al., 2011; Sato and Siomi, 2018; Figure 1A).
Humans possess four PIWI genes: HIWI/PIWIL1, HILI/PIWIL2,
PIWIL3, and HIWI2/PIWIL4 (Sasaki et al., 2003). Notably, piRNAs
exhibit features distinct from those of miRNAs; e.g., miRNAs have
18-24 nucleotides (nt), whereas piRNAs are 26-31 nt in length (Vagin
etal,, 2006; Brennecke et al., 2007). In addition, piRNAs are the most
diverse class of sncRNAs; e.g., in the human genome, over 27 million
of unique piRNA sequences are deposited in a piRNA database,
piRBase, whereas only about 1,900 miRNAs are encoded in the
genome according to the miRNA database miRbase (Zhang et al.,
2014; Kozomara et al., 2019; Wang J. et al., 2022). Most piRNAs are
processed from transcripts encoded by specific genome loci, called
PiRNA clusters, which are rich in transposon remnants (Brennecke
et al.,, 2007; Goriaux et al., 2014; Parhad and Theurkauf, 2019).
Additionally, transcripts of protein-coding genes and long non-coding
RNA (IncRNAs) can also be the source of piRNAs (Aravin et al., 2006;
Girard et al., 2006; Siomi et al., 2011; Ku and Lin, 2014; Wang and
Lin, 2021).

In almost all animals, piRNAs are abundantly expressed in the
gonadal cells, such as the testes and ovaries, where they silence
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piRNA-mediated regulation of gene expression. (A) The current
model for piRNA-mediated RNA silencing mechanism. In the
cytoplasm, piRNA guides PIWI protein to the complementary target
RNA to catalyze the endonucleolytic cleavage (slicing). While, in the
nucleus, PIWI-piRNA complexes recognize nascent RNAs and recruit
epigenetic modifiers, such as DNA methyltransferases, histone
modifiers, and chromatin mark readers, thereby modifying the
chromatin state and gene expression. RNAPII, RNA polymerase II.
(B) A gene regulation via piRNAs during neuronal differentiation of
NT2 cells.
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transposons to maintain germline genome stability (Kim et al., 2009;
Siomi et al., 2011). Strikingly, an increasing number of studies have
demonstrated that the expression of piRNAs is not limited to the
germline but occurs more broadly in other non-gonadal somatic cells,
including neuronal cells (Rojas-Rios and Simonelig, 2018; Kim, 2019;
Perera et al., 2019; Wakisaka et al., 2019). In the human brain,
numerous piRNAs are produced and play important roles in various
neuronal processes, including neuronal differentiation, and in the
development of various neurodegenerative diseases (Kim, 2019;
Perera et al., 2019; Wakisaka et al., 2019; Huang and Wong, 2021;
Lauretti et al., 2021). This review focuses on the neuronal expression
and functions of piRNAs, mainly in humans, the implication of
piRNAs in
neurodegenerative diseases, and piRNAs as potential biomarkers and

dysregulation of neuronal various human

therapeutic targets against these diseases.

2. Neuronal piRNA functions

In this section, we summarize multiple neuronal functions of
piRNAs and their biogenesis factors.

2.1. Neuronal expression of piRNAs

Expression of piRNAs in the brain has been detected in animal
species (Ghildiyal et al., 2008; Dharap et al., 2011; Lee et al., 2011;
Rajasethupathy et al., 2012; Qiu et al., 2017; Roy et al., 2017). Xingguang
Luo’s group at the Yale University School of Medicine reported that
9,453 out of 23,677 piRNAs were detected in the human prefrontal
cortex, many of which were specifically found in the prefrontal cortex
compared to stomach tissues (Qiu et al., 2017; Mao et al., 2019). These
9,453 piRNAs are located in 500 piRNA clusters (Mao et al., 2019). In
another study, Roy et al. identified 564 piRNAs that are mostly given
rise from 148 piRNA clusters in the human brain (Roy et al., 2017).
Interestingly, the expression of three out of four PIWI genes, HIWI/
PIWILI, HILI/PIWIL2, and HIWI2/PIWIL4, except PIWIL3, have
been detected in the human brain (Roy et al., 2017).

2.2. Neuronal differentiation

The human embryonal carcinoma cell line, Ntera2/D1 (NT2), can
undergo differentiation along the neuronal lineage by all-trans retinoic
acid (RA) (Andrews, 1984; Pleasure and Lee, 1993; Hill et al., 2012).
The RNA and protein levels of PTWIL4, a PIWI subfamily member,
are consistently upregulated by RA (Subhramanyam et al., 2020).
PIWIL4 is predominantly localized in the nucleus, where it interacts
with lysine-specific demethylase 6A (KDM6A), also known as
ubiquitously transcribed tetratricopeptide repeat, X chromosome
(UTX), which is a dimethyl-or trimethyl-histone H3 lysine 27
(H3K27) demethylase. Trimethylation of H3K27 (H3K27me3) is a
critical transcriptionally repressive epigenetic mark (Ferrari et al.,
2014; Moody et al., 2017). Upon RA treatment, PTWIL4 mediates the
removal of H3K27me3 marks from the promoters of early neuronal
differentiation marker genes, such as Homeobox Al (HOXAI),
Neurogenic differentiation 1 (NEURODI), and Cytochrome P450 26A1
(CYP26A1), and subsequently upregulates the expression of terminal
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neuronal marker genes, Microtubule-associated protein 2 (MAP2) and
Tubulin Beta 3 Class III (TUBB3) (Subhramanyam et al., 2020;
Figure 1B).

During RA-induced neuronal differentiation of NT2 cells, two
piRNAs, piR-DQ582359 and piR-DQ596268, were upregulated
(Subhramanyam et al., 2022). Furthermore, these piRNAs potentially
downregulated the expression of cold-shock domain-containing
RNA-binding proteins, such as DIS3 homolog, exosome
endoribonuclease and 3’-5" exoribonuclease (DIS3), DIS3 like 3'-5’
exoribonuclease 2 (DIS3L2), and Y box-binding protein (YB-1), which
likely suppress the expression of MAP2 and TUBB3 (Subhramanyam
etal, 2022), suggesting that piRNAs mediate neuronal differentiation
by modulating neuronal gene expression (Figure 1B).

2.3. Axon regeneration

Several studies have implicated neuronal piRNAs in neuronal
injury and subsequent regeneration in mammals. Nearly 4,000 out of
39,727 piRNAs have been detected in the rat cerebral cortex, some of
which are differentially expressed after transient focal ischemia
(Dharap et al., 2011). Likewise, several neuronal piRNAs have been
detected in the rat sciatic nerve axoplasm, where they are associated
with Miwi/Piwill proteins (Phay et al., 2018). Moreover, depletion of
Miwi/Piwill in cultured rat peripheral neurons increased axon
regrowth after axonal injury, suggesting that neuronal piRNAs
negatively regulate neural repair and regenerative processes following
injury (Phay et al., 2018).

In mouse Schwann cells, glial cells of the peripheral nervous
system (PNS) that support neurons (Bhatheja and Field, 2006),
thousands of piRNAs are differentially expressed after nerve
transection (Sohn et al,, 2019). In addition, although the expression
level of the Miwi/Piwill protein was dramatically reduced after sciatic
nerve injury, an upregulated piRNA, piR009614, enhanced the
migration of Schwann cells in mice, suggesting that piRNAs are
associated with neuronal responses and axon-glial contact during
peripheral nerve injury (Sohn et al., 2019).

2.4. Learning, memory, and behavior

Several studies have shown that neuronal piRNAs are functionally
involved in learning and memory in mice. Mili/Piwil2-knockout mice
show hyperactivity and reduced anxiety-like behaviors (Nandi et al.,
2016; Leighton et al,, 2019). Remarkably, the simultaneous knockdown
of Miwi/Piwill and Mili/Piwil2 in the dorsal hippocampus increased
freezing behavior during fear conditioning, indicating an enhanced
contextual fear memory. Together, these findings suggest that neuronal
PiRNAs potentially interfere with the performance of behavioral tasks
relevant to learning and memory (Leighton et al., 2019).

Moreover, one of the highly expressed piRNAs in the mouse CNS,
PiR-DQ541777 (Lee et al., 2011), was significantly upregulated in a
mouse model of neuropathic pain induced by chronic constriction
injury (CCI) of sciatic nerve and increased DNA methylation levels
on the promoter of CDK5 regulatory subunit-associated protein 1
(Cdk5rapl) by recruiting DNA methyltransferase 3A (DNMT3a)
(Zhang et al., 2019). Cdk5rap1 is an endogenous inhibitor of Cdk5
that contributes to pain information processing in the spinal cord
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(Ching et al., 2002; Fang-Hu et al., 2015; Liu et al., 2018; Moutal et al.,
2019). These observations indicated the presence of piRNA-mediated
regulation of neuropathic pain.

3. piRNA and neurodegenerative
diseases

We have reviewed the association between piRNAs and
neurodegenerative diseases (Table 1).

3.1. Alzheimer's disease (AD)

AD is the most common form of progressive dementia and is
characterized by memory impairment and cognitive decline (Masters
etal, 2015; Knopman et al., 2021; Sato et al., 2021). Patients with AD
exhibit some pathological symptoms, including amyloid plaques,
which are mainly composed of aggregates of amyloid beta (AB)
peptides, and neurofibrillary tangles (NFTs), composed of
hyperphosphorylated tau filaments that are further linked with
neurodegenerative tauopathies and synaptic loss in the brain
(McKhann et al., 1984; Braak and Braak, 1990, 1991, 1996; Serrano-
Pozo et al., 2011; DeTure and Dickson, 2019).

In AD hippocampal neurons, the expression level of HIWI/
PIWILI is increased, probably due to global heterochromatin
relaxation induced by pathogenic tau aggregates (Frost et al., 2014;
Table 1). Consistent with this, numerous piRNAs have been shown to
be upregulated in AD brains, most of which harbor complementary
target gene transcripts (Qiu et al., 2017; Roy et al.,, 2017). Qiu et al.
(2017) have demonstrated that 103 of 9,453 human brain piRNAs
were differentially expressed in AD brains, of which 81 piRNAs were
upregulated and the remaining were downregulated. Most of these
PpiRNAs correlated with genome-wide significant AD risk single
nucleotide polymorphisms (SNPs); e.g., the expression levels of piR-
DQ581734, piR-DQ592330, and piR-DQ600318 correlated with AD
risk SNPs in the Apolipoprotein E (APOE) cluster, and piR-DQ597397
correlated with SNPs in the APOJ cluster (Qiu et al., 2017). Of note,
among the 9,453 brain piRNAs, 10 piRNAs were significantly
associated with years of survival, suggesting a potential role of
neuronal piRNAs in lifespan determination (Mao et al., 2019). Roy
etal. (2017) identified 149 piRNAs that were differentially expressed
in AD brains, of which the expression levels of 146 piRNAs were
upregulated, while only three piRNAs were downregulated. Target
gene prediction of these dysregulated piRNAs revealed the five most
significant AD-associated pathways enriched with four genes,
Cytochrome C somatic (CYCS) in “Apoptosis and survival_BAD
phosphorylation” and “Development_PACAP signaling in neural
cells,” Karyopherin a6 (KPNA6) also known as Importin a7 (IMPa7)
in “Neurophysiological process_Dynein-dynactin motor complex in
axonal transport in neurons,” Ras-related protein Rab-11A (RAB11A)
in “Neurophysiological process_Constitutive and activity-dependent
synaptic AMPA receptor delivery;” and Lin-7 homolog C (LIN7C) in
“Neurophysiological process_Constitutive and regulated NMDA
receptor trafficking,” that were regulated by 4 piRNAs; piR-38240 was
predicted to target CYCS and KPNAG6, piR-34393 targets CYCS and
RABI 1A, piR-40666 targets KPNA6, and piR-51810 targets LIN7C
(Roy etal.,, 2017). Notably, several piRNAs were commonly identified
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TABLE 1 List of piRNAs associated with the neural processes and neurodegenerative diseases.

Diseases Tissues orcells Change in RNA Results References
expression levels

AD Prefrontal cortex 81 piRNAs upregulated, 22 piRNAs | Most of these piRNAs are correlated with the genome-wide Qiuetal. (2017) and
downregulated significant AD risk SNPs 10 piRNAs are associated with survival Mao et al. (2019)

AD Brain 146 piRNAs upregulated, 3 piRNAs | 4 piRNAs target 4 genes involved in the 5 most significant AD- Roy et al. (2017)
downregulated associated pathways

AD Cerebrospinal fluid 3 piRNAs in the CSF-derived Potential biomarkers to distinguish AD and non-AD. Jain et al., (2019)

(CSF) exosomes

AD Cortex and cerebellum HERY, retrotransposons, etc. Pathogenic tau induces heterochromatin decondensation Sun et al. (2018)
upregulated

AD Hippocampal neuron HIWI/PIWILI upregulated Pathogenic tau induces heterochromatin decondensation Frost et al. (2014)

PD Prefrontal cortex 20 piRNAs differentially expressed Different piRNA expression patterns were observed in PD and Zhang and Wong

PDD, although none of the genes were targeted (2022)
PD Amygdala 55 piRNAs differentially expressed Target 20 protein-coding genes and undergo dysregulation in Zhang and Wong
different PD subtypes (2022)

PD Blood 6 piRNAs in the blood small Potential noninvasive biomarkers for PD diagnosis Zhang and Wong
extracellular vesicles (2022)

ALS Brain 3 piRNAs upregulated, 2 piRNAs Differentially expressed piRNAs in the ALS brains Abdelhamid et al.
downregulated (2022)

ALS Brain HIWI/PIWILI upregulated, HIWI/PIWIL1 was co-localized with TDP-43 Abdelhamid et al.
HIWI2/PIWIL4 downregulated (2022)

ALS Serum hsa-piR-33151 Decreased in ALS Waller et al. (2017)

HD Cortical prefrontal 16 piRNAs differentially expressed Target several genes involved in the brain physiopathology Panero et al. (2017)

cortex in HD brains pathway

as AD-associated piRNAs in two independent studies by Qiu et al. and
Roy et al. (Huang and Wong, 2021), suggesting the presence of
consistently dysregulated piRNAs in AD brains and their utility as
potential biomarkers for AD.

Sun et al. (2018) showed that the transcription of specific subsets
of transposons, such as human endogenous retroviruses (HERVs) and
retrotransposons, is enhanced in AD brains and brains with
progressive supranuclear palsy (PSP), a form of neurodegenerative
tauopathy. Pathogenic tau aggregates may promote neuronal cell death
through heterochromatin decondensation and aberrant expression of
PIWT and piRNAs, caused by transposon dysregulation in AD and
neurodegenerative tauopathies.

Jain et al. conducted a pioneering preclinical study regarding the
identification and development of piRNAs as diagnostic biomarkers
and possible therapeutic agents for AD and analyzed the piRNA
expression profile in the sncRNAome in exosomes derived from
human cerebrospinal fluid (CSF) (Jain et al., 2019). They demonstrated
that the expression levels of piR_019324 were decreased, whereas
those of piR_019949 and piR_020364 were increased in the
CSF-derived exosomes of patients with AD. Importantly, changes in
sncRNA levels, termed sncRNA signature, consisting of the three
piRNAs and three miRNAs, miR-27a-3p, miR-30a-5p, and miR-34c,
which are all upregulated in the CSF of patients with AD and have
been linked to memory function and neurodegeneration (Zovoilis
etal., 2011; Croce et al., 2013; Sala Frigerio et al., 2013; Miiller et al.,
2014), could distinguish patients with AD from non-AD individuals
with an area under the curve (AUC) value of 0.83 (Jain et al., 2019).
ApP40 and AP42 are the major forms of Ap in the brain, and Ap42 is
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much more likely to form aggregates and is more toxic to neurons
than AP40 (Yan and Wang, 2006; Hampel et al., 2021). Therefore,
measurement of the CSF AB42/AB40 ratio and phosphorylated tau
(p-tau) can be used to distinguish between clinical and preclinical AD
(Jack et al., 2018; Soria Lopez et al., 2019; Campbell et al., 2021).
Importantly, combined measurements of the AB42/40 ratio and pTau
predicted with an AUC of 0.59, while on combining the sncRNA
signature with them, the AUC value reached 0.98 (Jain et al., 2019).
Together, piRNAs could be candidate biomarkers for AD, and the
CSF-derived exosomal sncRNA signature may have the potential to
identify AD individuals with high sensitivity and specificity.

3.2. Parkinson’s disease (PD)

PD is the second most common neurodegenerative disease after AD
with major neuropathological features, including the gradual loss of
dopaminergic neurons in the substantia nigra pars compacta and the
presence of Lewy bodies and Lewy neurites in the neurons of PD brains
(Bernheimer et al., 1973; Kalia and Lang, 2015; Bloem et al., 2021).

Zhang and Wong detected 296 and 508 out of 902 somatic piRNAs
in the prefrontal cortex and amygdala that is a frequent site of Lewy
bodies, respectively, of which, 20 and 55 piRNAs were differentially
expressed in PD (Zhang and Wong, 2022; Table 1). They further found
that 55 piRNAs that were differentially expressed in the amygdala of
patients with PD were predicted to target 20 protein-coding genes,
including Mitochondrially encoded cytochrome C oxidase I (MT-CO1I)
and MT-CO3 (Zhang and Wong, 2022), which encode the protein
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components of respiratory complex IV of the electron transport chain
and are implicated in PD (Bartels and Leenders, 2010; Foti et al., 2019;
Choongetal., 2021). In addition, changes in piRNA expression levels
were also observed in different PD stages and subtypes, such as the
premotor and motor stages of PD and Parkinson’s disease dementia
(PDD), a PD-associated dementia (Goldman and Postuma, 2014; Weil
et al., 2017), suggesting the possible involvement of piRNAs in the
onset and progression of PD (Zhang and Wong, 2022).

Moreover, the expression levels of six piRNAs, piR-has-92056, piR-
hsa-150797, piR-hsa-347751, piR-hsa-1909905, piR-hsa-2476630, and
PiR-hsa-2834636 in blood small extracellular vesicles showed the
highest relevance to PD, with an AUC value of 0.89 using a sparse
partial least square discriminant analysis (SPLS-DA), suggesting that
these piRNAs can be potential noninvasive biomarkers for PD
diagnosis (Zhang and Wong, 2022).

3.3. Amyotrophic lateral sclerosis (ALS)

ALS is a progressive neurodegenerative disease that affects nerve
cells in the brain and spinal cord (Hardiman et al., 2017; van Es et al.,
2017; Zucchi et al., 2020). The vast majority of cases (about 90-95%)
are sporadic and have no known cause, while the remaining 5-10%
are hereditary and are termed familial ALS (Talbott et al., 2016;
Prasad et al., 2019). One of the pathological hallmarks of ALS is the
aberrant aggregation of the TAR DNA-binding protein 43 (TDP-43)
protein in neuronal cells of the brains (Brown and Al-Chalabi, 2017;
Hardiman et al, 2017; Nguyen et al, 2018). TDP-43 is an
RNA-binding protein belonging to the heterogeneous nuclear
ribonucleoprotein (hnRNP) family, suggesting dysregulated RNA
metabolism of multiple RNAs, including piRNAs, during the disease
processes of ALS (Prasad et al., 2019).

In human brains with sporadic ALS, three piRNAs, hsa-piR-
000578, hsa-piR-020871, and hsa-piR-022184, were upregulated,
whereas two piRNAs, hsa-piR-009294 and hsa-piR-016735, were
downregulated (Abdelhamid et al., 2022; Table 1). The expression level
of HIWI/PIWILI was also increased in sporadic ALS brain tissues,
whereas that of HIWI2/PIWIL4 was decreased (Abdelhamid et al,,
2022). Furthermore, HIWI/PIWILI proteins were co-localized with
TDP-43 in the motor neurons of sporadic ALS lumbar cords,
suggesting that HIWI/PIWILI may contribute to the formation of
TDP-43 inclusions (Abdelhamid et al., 2022). In addition, the
expression level of the piRNA, hsa-piR-33151, has been reported to
be decreased in the serum of patients with ALS (Waller et al.,, 2017).
Taken together, these observations imply that dysregulation of piRNAs
is linked to the pathogenesis of ALS and that piRNAs can be potential
diagnostic biomarkers and therapeutic targets of ALS.

3.4. Huntington'’s disease (HD)

HD is a mostly inherited neurodegenerative disease caused by a
CAG trinucleotide repeat expansion in the Huntingtin (HTT) gene,
which leads to progressive motor dysfunction, cognitive impairment,
and psychiatric disturbance due to the gradual loss of neurons,
predominantly in the striatum within the brain (MacDonald et al.,
1993; Julien et al., 2007; Walker, 2007; Illarioshkin et al., 2018; Tabrizi
et al., 2020).
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Panero et al. developed an analytical pipeline, the integrative
Small RNA Tool-kit (iSmaRT), for the analysis of sncRNA-seq data
and reevaluated the sncRNA-seq datasets derived from HD cortical
prefrontal cortex tissues (Hoss et al., 2015) with iSmaRT (Panero et al.,
2017). Sixteen piRNAs were differentially expressed in HD brains.
Target prediction, followed by reactome pathway enrichment analysis,
revealed several target genes involved in pathways related to brain
physiopathology (Table 1), Caspase-8 (CASP8) and Fas-associated
protein with death domain (FADD) like apoptosis regulator (CFLAR)
in “CASP8 activity” (Strand et al., 2005) and Neural precursor cell
expressed developmentally downregulated gene 4-like (NEDD4L) in
“Downregulation of TGF-beta receptor signaling/Downregulation of
SMAD2/3:SMAD4 transcriptional activity” (Ding et al, 2013),
suggesting a possible role of the brain piRNAs in HD pathogenicity.

4. Conclusion

Mounting evidence has shown that piRNAs are involved in various
neuronal events. Furthermore, dysregulation of neuronal piRNAs and
their regulatory gene networks has been implicated in the pathology of
various neurodegenerative diseases including AD. We are just
beginning to understand the role of neuronal piRNAs in these neuronal
events and the development of neurodegenerative diseases. In most
cases, the molecular mechanisms underlying neuronal piRNA-
mediated gene regulation remain largely enigmatic. Furthermore,
several neurodegenerative diseases have shown increased transposon
expression (Sun et al., 2018), yet the involvement of neuronal piRNAs
in transposon activation remains elusive. Further investigation of
neuronal piRNA activity and function could uncover their exact target
genes and their contribution to regulatory gene networks associated
with neuronal processes and diseases. This also leads to an
understanding of the precise mechanisms that help develop novel
therapeutic strategies based on neuronal piRNAs that could work in
the diagnosis and/or treatment of various neurodegenerative diseases.
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