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The relationship regarding non-coding genomes and cardiovascular disease (CVD) has
been explored in the past decade. As one of the leading causes of death, there remains a
lack of sensitive and specific genomic biomarkers in the diagnosis and prognosis of CVD.
Piwi-interacting RNA (piRNA) is a group of small non-coding BRNA (ncRNA) which
associated with Piwi proteins. There is an emerging strong body of evidence in
support of a role for ncRNAs, including piRNAs, in pathogenesis and prognosis of
CVD. This article reviews the current evidence for piRNA-regulated mechanisms in
CVD, which could lead to the development of new therapeutic strategies for
prevention and treatment.
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TRANSCRIPTOMICS AND PIWI-INTERACTING RNAS

Transcriptomics refer to the total amount of RNA transcribed by a specific tissue or cell in a certain
stage or functional state and includes protein-coding messenger RNAs (mRNAs) and non-coding
RNAs (ncRNAs) (Suzuki and Sugano, 2006). The functional significance of non-coding RNAs is
particularly evident for small regulatory RNAs.

With its rapid development, omics has launched the molecular understanding of disease
phenotypes into a new era. While the analysis of RNA Atlas data have expanded the catalog
and their roles in regulating protein-coding genes and pathways (Lorenzi et al., 2021), integration of
transcriptome profiling enabled analyses toward ncRNA for functional evidence is still being
explored. PIWI protein-interacting RNAs (piRNAs) have been identified as an important class
of small regulatory RNAs, together with microRNAs (miRNAs) and short-interfering RNAs
(siRNAs).

piRNAs are an emerging class of small non-coding RNAs that started to get noticed in 2006. Most
piRNAs consist with 24-32 nucleotide in length and represent a distinct small-RNA pathway. In
mammals, piRNAs mainly express in germline tissue such as human adult testis and fetal ovary. In
addition, several studies have confirmed that piRNAs are also expressed in the brain, liver, heart, and
vascular tissues (Ghosheh et al., 2016; Rajan et al., 2016; Kim, 2019; Lipps et al., 2019; Li et al., 2021).
Non-repetitive piRNA genes account for over 90% of piRNAs (Ozata et al., 2019). The human
genome encodes four PIWTI proteins, PIWIL1/HIWI, PIWIL2/HILI, PIWIL3/HIWI3, and PTWIL4/
HIWI2 (Sasaki et al., 2003; Grimson et al., 2008), which corresponds piRNA to form piRNA/PIWI
complexes that are associated with transposon silencing, spermatogenesis, genome rearrangement,
epigenetic regulation, mRNA regulation and development, and types of genomic sequences integrity.

Functions of piRNAs

Historically, non-coding regions of the human genome, including those encoding piRNAs, were
considered junk DNA. However, the development of high-throughput technologies over the past
decades provided us an initial understanding of noncoding genomes. The crucial roles of the piRNA/
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PIWI pathway reflected in mediating the regulation of mRNA,
IncRNA, and satellite RNA homeostasis by transposons and
pseudogenes  via transcriptional or  posttranscriptional
mechanisms.

piRNAs also play the protective role in germline genome
integrity and stability by transposon silencing and epigenetic
regulation (Qian et al, 2021; Rosenkranz et al, 2021).
Cytoplasmic piRNA/PIWI complex can fulfill its function in
transposon silencing through multiple pathways including:
Hsp90-HOP to influence canalization; interact with
translational initiators to induce inhibit polysomes and
subsequent protein translation; piRNAs sequence-specific
silencing to maintain genomic integrity and produce antiviral
immune memories; piRNA-induced silence compounds via
mitochondria to suppress transposons.

On the other hand, the role for piRNA repressing
transposons in the nucleus seems to be more
comprehensive. Regulation of heterochromatin protein-1
(HP), H3K9 methylation, ZF-MIWI2-mediated DNA
methylation, Ccr4-NOT deadenylase complexes in multi-
pathway (the active full-length transposable element,
telomere, and sub telomere accumulation), UHRF1/
PRMT5/PIWI-mediated histone methylation, etc., are all
considered to influence transcription of selected protein-
encoding genes, imprinting loci, and/or transposons
(Iwasaki et al., 2016; Kojima-Kita et al., 2016; Penke et al.,
2016; Dong et al., 2019). Furthermore, these studies in the
field of ncRNA verified that piRNA plays an indispensable
role in germ cell and stem cell differentiation, embryonic
development, germline DNA integrity, biological sex
determination, immune defense, and cancer progression
(Batki et al., 2019).

Cardiovascular Disease and Transcriptome
Cardiovascular disease (CVD) remains the leading cause of
death worldwide. Over 17 million people die of cardiovascular
disease worldwide each year, similar to the death rate from all
cancers combined (Batki et al., 2019). In China, due to
population aging and changes in dietary structure, the
morbidity and mortality of CVDs including hypertension,
coronary heart disease, and congestive heart failure have
shown upward trends (Hu et al, 2020), which imposes
additional social and financial burdens. The prevention and
treatment of CVDs is still a major task of modern medicine.

Emerging novel transcriptomics research on CVD have
shown its unique diagnostic and prognostic value (Schnabel
et al., 2012; Gomes et al., 2019; Wiese et al., 2019). Studies
regarding the diagnostic values of miRNA or long non-coding
RNA (IncRNA) in CVD have published in GEO (Gene
Expression Omnibus) database. Furthermore, study
suggested that the epitope transcriptome analysis could be
performed on admission to provide information of RNA
modification in individual transcriptome (Gatsiou and
Stellos, 2018). Exploring the multifaceted functions of these
RNAs in the pathogenesis of CVD may fulfill a promising
clinical applications as diagnostic biomarkers and therapeutic
targets.

pIRNA in CVD

Evidence of piRNA in CVD
Cardiac  hypertrophy and fibrosis are the fundamental

pathophysiological adaptive responses during the development
of various CVDs, piRNA have shown to participate in such
process suggesting that piRNAs play an important role in the
disease occurrence (Rai et al., 2017; Kwiecinski et al., 2020; Zeng
et al, 2021). Study has demonstrated that a group of piRNAs
expression was altered during induced cardiac hypertrophy. The
downregulation of hsa-piR-020009 and hsa-piR-006426 was also
potentially involved in heart failure (Yang et al., 2018). piRNA-
2106027 was involved in the occurrence and development of
myocardial infarction through troponin-1 (Rajan et al., 2016). In
addition, there were 21 piRNAs found to be differentially
expressed in chronic thromboembolic pulmonary hypertension
(CTEPH) patients compared to the controls. piRNA-DQ593039-
SNX17-SERCA pathway showed to be associated with the
development of cardiac and vascular tissue remodeling (Lipps
et al,, 2019). These piRNAs have been recognized as significant
players in gene regulation by pairing with the complementary
base of the target RNA or binding to the target protein, which
may profoundly impact the cellular responses and thus both
health and disease course (Table 1).

Regulatory Mechanism of piRNAs in CVD
Multiple regulatory functions of gene expression in diverse
organisms were exhibited in piRNA/PIWI pathway (Figure 1).
Genome histone modifications and DNA methylation have
shown to be the major regulating mechanism (Juliano et al,
2011; Li et al., 2021). Growing evidence also demonstrated that
piRNAs involve in regulating cell proliferation, migration,
apoptosis, cell cycle, oxidative stress, and DNA damage (Wu
et al, 2020). Gao XQ et al. found that the RNA epigenetic
mechanism mediated by mmu-piR-037808 (CHAPIR) is
involved in the regulation of cardiac hypertrophy (Gao et al,
2020). They constructed CHAPIR knockout (CHAPIR KO) mice
with reduced cardiac fibrosis and hypertrophy after transverse
aortic constriction (TAC) surgery. At the cellular level, the similar
function was also found in Ang-II-induced hypertrophic growth
of cardiomyocytes. The CHAPIR - METTL3-PARP10-NFATC4
signal axis may be considered as therapeutic target used to treat
pathological hypertrophy and maladaptive cardiac remodeling in
the future.

Study also showed that abrogation of piRNA-823 can induce
the reduction of vascular endothelial growth factor secretion, thus
reducing the pro-angiogenesis activity in multiple myeloma
(MM) cells (Yan et al., 2015). In addition, studies have shown
that methyl-CpG binding protein 2 (MeCP2) expressed in the
heart is an inhibitor of long interspersed element-1 (LINE-1, the
only autonomous reverse transposon in the human genome).
LINE-1 was reported to reduce ischemic injury by activating Akt/
PKB signaling (Lucchinetti et al., 2006). In the absence of MeCP2,
the Piwi-piRNA pathway may be activated to initiate Akt
signaling in the cardiac system (Zhao et al,, 2013; Rajan et al,,
2014). Similarly, piRNA targets transposons——LINE-1 in
cardiac progenitor cells. Reduced LINE-1 expression is
accompanied by higher activation of the Akt pathway (Vella
et al, 2016). Therefore, piRNAs may regulate myocardial
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TABLE 1 | Description of piRNAs and CVD literature articles.

Category

Specific piRNA

Evidence of piRNA ® 585 piRNAs upregulated

in CVD

Mechanisms

4,623 piRNAs downregulated (has-
piR-020009 and has-piR-006426
were the most downregulated)
piRNA-2106027

Has-piR-33151 (DQ593039) highly
upregulated (biomarker for lung and
heart diseases)

Has-piR-33543 (DQ593431)
upregulated

Has-piR-31068 (DQ570956)
downregulated

mmu-piR-037808 (CHAPIR)

involved- piRNAs

Article type (description)

cross-sectional study (serum of heart failure
patients and healthy volunteers)

cross-sectional study (circulation of 6
myocardial infarction patients and 5 controls)
cross-sectional study (extracellular vesicles
form 23 patients with CTEPH and 23 controls)

Basic research (CHAPIR-METTL3-PARP10-
NFATC4 signal axis)

Basic research and case-control study (bone
marrow biopsy specimens from 15 newly
diagnosed multiple myeloma [MM] patients and
8 control as well as primary CD138" MM cells;
Plasma cells from 43 newly diagnosed cases of
MM and 18 controls; Human MM cell lines:
RPMI8226, ARH-77 and U266)

Basic research (inhibition of LINE-1

Basic research (activation of the Akt/PKB
signaling; inhibition of cell apoptosis and

Diseases/Target

Heart Failure

Myocardial Infarction
Chronic thrombo-embolic

pulmonary hypertension
(CTEPH)

Cardiac Hypertrophy

Angiogenesis

Ischaemic Damage

Ischaemic Damage

piRNA in CVD

Author(s), year
published,
and PMID

Yang et al. (2018),
30536343

Rajan et al. (2016),
27067666
Lipps et al. (2019),
31671920

Gao et al. (2020),
33020597
Yan et al. (2015),
24732595

Lucchinetti et al. (2006),
16418318

Rajan et al. (2014),
25220478; Zhu et al.
(2006), 16901477

in CVD e pIRNA-823
o LINE-1 retrotransposon
retrotransposon)
e Akt pathway
epigenetic modifications)
Pathological condition:
*  Animal model
Control v.s. CVDS (HE, MI, CTEPH, etc.) «  cell model
Including: * Clinical setting
piR-020009 l RNA-seq; m6A- seq; qRT-PCR
piR-006426
piR-21060271\ Potential
piR-33151 / t :
piR-33543 1 24-32 nucleotides leNA Th(.-:rrape:tlc
piR-31068 . SEEE
piR-037808

mMRNA IncRNA satellite RNA
%—/

Transcriptional/ Posttranscriptional Mechanism

Akt/PKB pathway

LINE-1 Retrotransposon
CHAPIR-METTL3-PARP10-NFATC4 signaling axis
Pathological hypertrophy and maladaptive remodeling

Regllate

Cardiomyocyte proliferation,
differentiation and/or apoptosis

Resdlt in

Adaptive cardiac repair /
Angiogenesis

FIGURE 1 | Role of piRNA in cardiovascular diseases. CVD:
cardiovascular disease; piRNA: PIWI-interacting RNAs; mRNA: messenger
RNA; IncRNA: long non-coding RNA.

ischemia in the Akt pathway via inhibiting cell apoptosis and
epigenetic modifications (Zhu et al., 2006; Rajan et al., 2014).
Overall, these mechanisms may shed new light on the
understanding regulatory mechanism of piRNAs in CVD.

Study Pattern of piRNAs in CVD

While most understandings regarding piRNA in humans were as
a predictive molecule for diagnosis and prognosis of neoplastic
diseases, current studies of piRNAs on CVD are only at animal
and cellular levels. Therefore, there is still room for improvement
in the development of piRNA clinical research on CVDs. By
merging the application experience in tumors, it might further
verify the expression of key piRNAs and their target genes in
CVD related pathways and biological processes. At present, the
main research methods for the effect of piRNAs on CVD include
small RNA sequencing, validation by quantitative real-time
polymerase chain reaction (qQRT-PCR), target gene prediction,
target gene functional analysis, and correlation analysis with
mRNA. Together, further exploration using single-cell
resolution to study expression levels, such as in situ
hybridization or single-cell RNA sequencing, can help to
clarify the presence or absence of related piRNAs expression.
Transcriptome-wide m6A-seq and RNA-seq assays are also used
to identify potential targets of piRNA (Ghosheh et al., 2016).
Besides, the function of these piRNAs can also be mapped by
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bioinformatics network and pathway analysis. Predictive
algorithms including Miranda and RNA22 program can be
applied to search for targets of differential expression (DE)
piRNA against all human transcripts (Alexandrova et al., 2016;
Meng et al, 2019; Das et al., 2020). Strict thermodynamic
parameters and binding energy thresholds can be applied to
predict potential targets that are complementary to piRNAs.

Potential of piRNA in Cardiovascular
Therapy

Traditionally, the adult heart was considered with no capacity for
cardiomyogenesis to compensate for cell lost in cardiac diseases.
However, novel animal and human studies with lineage tracing
and isotope labeling methods supported the heart has certain
endogenous regenerative potential (Laflamme and Murry, 2011;
2012). Unfortunately, this regeneration was
temporary observed in the early postnatal mammalian heart.
The proliferation capacity of the adult mammalian heart is very
limited to achieve effective self-repair of the myocardium after
injury and resist the development of heart failure (Drenckhahn
et al., 2008; Vandergriff et al., 2018). To be noted, the eutrophic
environment from an anaerobic environment is a curial factor
that causes the inhibition of cardiomyocytes proliferation (Puente
etal., 2014; Paradis et al., 2015). At the molecular level, cytokines
and transcription factors (e.g., FGF2, PDGF, NRG1, Meisl)
related to growth and differentiation are important regulatory
factors for the proliferation of neonatal mammalian
cardiomyocytes, while piRNAs were also shown to involve in
(Kardami et al., 2003; Srisakuldee et al., 2006; Hinrichsen et al.,
2007; Odiete et al., 2012; Ghosheh et al., 2016).

As a multi-mechanism regulatory element, piRNAs not only
participated in tumorigenesis but also regulate cardiac
differentiation in certain cardiomyogenesis settings including
ischemic damage and heart dysfunction remodeling. Such as
piR-1078 was discovered to be differentially expressed in the
process of cardiac development (Pipicz et al., 2018; Zeng et al.,
2021). The corresponding PIWT protein also play certain role in
the regulation of non-repetitive transcription in stem cells, such

Rosenzweig,
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