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Abstract: MicroRNAs (miRNAs) perform a pivotal role in the regulation of gene expression across
the animal kingdom. As negative regulators of gene expression, miRNAs have been shown to
function in the genetic pathways that control many biological processes and have been implicated
in roles in human disease. First identified as an aging-associated gene in C. elegans, miR-71, a
miRNA, has a demonstrated capability of regulating processes in numerous different invertebrates,
including platyhelminths, mollusks, and insects. In these organisms, miR-71 has been shown to
affect a diverse range of pathways, including aging, development, and immune response. However,
the exact mechanisms by which miR-71 regulates these pathways are not completely understood.
In this paper, we review the identified functions of miR-71 across multiple organisms, including
identified gene targets, pathways, and the conditions which affect regulatory action. Additionally, the
degree of conservation of miR-71 in the evaluated organisms and the conservation of their predicted
binding sites in target 3’ UTRs was measured. These studies may provide an insight on the patterns,
interactions, and conditions in which miR-71 is able to exert genotypic and phenotypic influence.
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1. Introduction

MicroRNAs (miRNAs) represent a relatively new class of RNAs that are among the
most abundant gene regulatory molecules in eukaryotes [1]. The discovery of the first
miRNA occurred when Rosalind Lee in the Ambros Lab discovered that lin-4, a gene that
controls the larval development of Caenorhabditis elegans, produces a pair of small RNAs
instead of encoding for a protein [2]. These lin-4 RNAs were shown to have antisense
complementarity to the 3'UTR (untranslated region) of the lin-14 gene. Furthermore,
mutations in lin-14 rescued developmental abnormalities seen in lin-4 loss-of-function
mutations. These discoveries helped to develop a model in which the genetic interaction
between a non-coding small RNA, lin-4, and a target gene, lin-14, is necessary for the
transition from the first larval stage to the second larval stage of C. elegans development [3].

In 2005, Kim et al. discovered that miRNAs are transcribed by RNA polymerase
II to form pri-miRNAs. Pri-miRNAs are then spliced, capped, and polyadenylated by
similar mechanisms to how mRNAs are processed [4,5]. During transcription, the enzyme
Drosha cleaves the end of the pri-miRNA to form precursor-microRNA (pre-miRNA). The
pre-miRNA is then exported out of the nucleus by Exportin and is subsequently cleaved
by the endonuclease Dicer to remove the stem loop and produce one mature miRNA (5’
arm) and one star strand (3’ arm) that is either degraded or has regulatory capabilities [6].
The mature miRNA is then loaded onto an Argonaute (AGO) protein to form the miRNA-
induced silencing complex (RISC). The RISC complex containing Argonaute loaded with a
miRNA targets the 3 UTR of mRNAs that have complementarity to the bound miRNA. The
“seed” region of the miRNA (nucleotides 2-7) has been shown to be the most important
determinant of binding specificity. If the miRNA sequence binds with perfect or near
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perfect complementarity, the mRNA target is cleaved and destroyed. If the miRNA binds
with some mismatches to the 3’ UTR of the target mRNA, translational repression occurs
and the mRNA degrades later [7].

Since the discovery of the founding member of the miRNA family, lin-4, in C. elegans,
100-1000 s of other miRNAs have been identified, including let-7, which is conserved from
C. elegans to humans [8]. At present, according to miRbase.org (accessed on 30 May 2023),
703 miRNAs in C. elegans and 4719 miRNAs have been discovered in humans [9]. An
estimated 55% of miRNAs in C. elegans have homologs in humans [5]. Many miRNAs have
been discovered to play roles in a number of different cellular and organismal pathways.
For example, in humans, miR-155 has been shown to regulate macrophage defense against
mycobacterium infection by increasing autophagy, inhibiting apoptosis, and regulating
inflammation [10]. In addition, miR-124, expressed in C. elegans, has been shown to regulate
a set of genes involved in ciliated neuron cell fate and function [3]. In Echinococcus, miR-
10 regulates multiple signaling pathways, such as the MAPK and Wnt pathways [11].
Some miRNAs have been identified as tumor suppressors, such as let-7, which has the
capability of negatively regulating a wide range of oncogenes involved in many different
types of cancer [12]. Conversely, other miRNAs can act as oncogenes (oncomiRs), such as
miR-24, which have been shown to negatively regulate tumor suppressor genes, such as
MENT1, and contribute to cancer development [13]. These studies suggest that miRNAs can
have multiple effects on different pathways and are important for regulating cellular and
organismal function.

Original studies have shown that miRNA targeting is dependent on base complemen-
tarity between the 5’ end of a miRNA and the 3’ UTR of a target gene. However, recent
studies have identified a fuller, more complex picture of miRNA /mRNA regulatory mecha-
nisms. In regard to the relationship between miRNAs and target genes, studies have shown
that one miRNA can regulate multiple genes, while one gene can be regulated by multiple
miRNAs, depending on base complementarity [14]. Canonically, miRNAs function as neg-
ative regulators of gene expression through the RISC complex. However, a few exceptions
have also been identified in the literature. MiRNAs have been shown to also promote the
expression of genes instead of only downregulating through the RISC complex [15]. The
proposed mechanism is through the miRNA recruitment of Argonaute and fragile X mental
retardation-related protein 1 (FXR1) to form a micro-ribonucleoprotein (microRNP) for the
up-regulation of translation [15,16]. However, this mechanism is unusual and an exception
to the canonical role of miRNA downregulating expression. In addition, some miRNAs and
their target genes participate in feedback systems wherein the miRNA negatively regulates
a gene required for its production [17]. The image that emerges is that miRNAs and their
targets form complex signaling pathways that underlie their complex roles in biology. This
review aims to characterize conserved roles of a particular miRNA—miR-71.

The microRNA miR-71 was originally discovered in the pioneering cloning surveys
in C. elegans [18]. Later, miR-71 was found to have dynamic changes in expression dur-
ing development and adulthood and to be absolutely required for normal lifespan in
C. elegans [19]. Since then, miR-71 has been found to be conserved in invertebrates and that
it regulates multiple genetic pathways across species. Studies have shown that miR-71 can
regulate several cellular processes, such as development, stress responses, and immune
responses. In this systematic review, we investigate the role of miR-71 across invertebrates
and the pathways and targets that it directly regulates. In addition, an analysis on the
conservation of mature miR-71 sequences and target 3' UTR sequences is performed. This
review reveals the functional versatility of miR-71 across invertebrates and provides a
bioinformatic framework to discover additional targets of miR-71.



Non-Coding RNA 2023, 9, 41

30f15

2. Results
2.1. Targeted Pathways of miR-71

The targets of mir-71 in multiple organisms were organized by the pathway involved,
which include Argonaute miRNA processing, developmental processes, environmental
stress, pathogenicity and immunity, and insulin signaling (Table 1).

Table 1. Target genes of miR-71 and the pathways regulated. The targets of mir-71 from 31 studies
after secondary screening were organized by the pathway involved. Human orthologues for each
target gene were discovered using the HomoloGene database through NCBI.

miR-71 Target Organism Human Orthologue Pathway NLM Gene ID Reference
AGO1 Mammals AGO1 Argonaute System 2623 [20]
AGO4 Mammals AGO4 Argonaute System 192670 [20]
ALG-1 C. elegans AGO-2 Argonaute System 27161 [17,21-23]
ALG-2 C. elegans AGO-2 Argonaute System 27161 [22]
C44F1.1 C. elegans None Argonaute System N/A [23]
Beta-14-Xylanase R. venosa None Devgl.opm?nt and N/A [24]
ignaling
Calm-1 (Calmodulin) R. philippinarum CALM1 Development and 801 [25]
Signaling
Chitin Synthase L. migratoria None Devel'opm?nt and N/A [26]
Signaling
FZD4 (szzle.d Pathway Mammals FZD4 Devel_opmgnt and 8322 [27,28]
Protein) Signaling
Membrane Development and
metallo-endopeptidase like 1 R. venosa MMELI Signaling 79258 (24]
Nemo-like Kinase E. multilocularis NLK Devel.opm‘ent and 51701 [29]
Signaling
Serine:Threonine Kinase E. multilocularis SNRK Develhopm.ent and 54861 [28]
Signaling
T Cell Immunomodulatory E. multilocularis ITFG1 Development and 81533 [28]
Protein Signaling
TIR-1 C. elegans SARM1 Development and 23098 [30,31]
Signaling
Cytochrome P450 325BG3 - .
(CYP325BG3) C. pipiens None Environmental Stress N/A [32,33]
Heat Shock Cognate 70 kD .
protein (HSC70) E. granulosus HSPA4 Environmental Stress 3308 [34]
MFS transporter DHA1 S. mediterranea SLC18A2 Environmental Stress 6571 [35]
family solute carrier family 18
PHA-4 C. elegans FOXA1/FOXA2 Environmental Stress 3169/3170 [36]
SLC31A1 (Solute Carrier .
Family 31 Member 1) D. pulex SLC31A1 Environmental Stress 1317 [37]
Cap-1 Innate Immunity and
(calcification-associated M. japonicus CAP1 . 10487 [38]
. Pathogenicity
peptide)
IRF4 (Interferon Regulatory Mammals IRF4 Innate Immur.u.ty and 3662 [39]
Factor 4) Pathogenicity
. . Innate Immunity and
PCE (Preclotting Enzyme) M. nipponense None Pathogenicity N/A [40]
. . Innate Immunity and
Seroin2 B. mori None Pathogenicity N/A [41]
CDC-25.1 C. elegans CDC25A Insulin Signaling 993 [19]
HBL-1 C. elegans REST Insulin Signaling 5978 [42]
TCER-1 C. elegans TCERG1 Insulin Signaling 10915 [43]
KGB-1 C. elegans MAPKS Insulin Signaling 5598 [44]
lin-42 C. elegans PER1/PER2 Insulin Signaling 5187 [43]
PDK-1 C. elegans PDPK1 Insulin Signaling 8864 [19]
UNC-31 C. elegans CADPS2 Insulin Signaling 93664 [43]
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2.1.1. Argonaute

Argonaute proteins are a component of miRNA function that bind to mature miRNAs
guiding them to the mRNA targeted for either translation suppression or mRNA degra-
dation. In humans there are only four functional Argonaute proteins (AGO1-4) which
share similar structures but have slight differences [45]. Although the most robust and
well-studied Argonaute protein is AGO2 the four Argonaute proteins have been found to
share approximately 75% of their bound miRNA suite [45]. Studies have shown that the
four Argonaute proteins can work redundantly to maintain homeostasis and compensate if
one Argonaute protein is non-functional [46]. However when cells drastically change their
environment a particular Argonaute protein loaded with a specific miRNA is required to
execute specialized functions [46].

The association between alg-1 an orthologue of ago2 and miR-71 in C. elegans was
validated by conducting an RNA pulldown and finding that miR-71 is pulled down with
alg-1 transcripts [21]. In C. elegans miR-71 has been shown to function in a negative
feedback loop with the Argonaute protein genes alg-1 and alg-2 [17,22]. In miR-71 knockout
mutants the levels of expression of alg-1 and ALG-1 protein abundance are increased
compared to the wild-type showing that miR-71 downregulates ALG-1 production [17].
Similarly the deletion of miR-71 binding sites on the alg-1 3’ UTR causes an increase in
alg-1 gene expression and ALG-1 protein abundance showing that miR-71 directly inhibits
and regulates Argonaute protein expression [17]. In C. elegans specifically ALG-1 has been
shown to be the predominant Argonaute protein for miRNA production and stability
during larval development while ALG-2 is largely dispensable [23]. Given that alg-1 is
required for miRNA biosynthesis the proposed direct feedback regulatory loop between
miR-71 and alg-1 establishes the homeostasis of miRNA levels [17]. In addition miR-71
has the possibility of also being associated with alg-2 and may become more associated
with alg-2 as animals age [22]. This association with alg-2 has been proposed to serve as
a biological switch during aging given that alg-2 mutation is associated with a shortened
lifespan [22].

Indeed miR-71 interactions with alg-1 and alg-2 has systemic effects on global miRNA
production seen by the increase in total miRNA production in miR-71 knockout mutants;
this is believed to be due to the increased abundance of ALG-1 and ALG-2 Argonaute
proteins. This change in miRNA production seen in miR-71 deletion mutants ultimately
produces a dramatic dysregulation of total mRNA levels [17]. Additionally the muta-
tion of alg-1 produces an up-regulation in genes that have miR-71 binding sites for the
2-7 nucleotide seed sequence [23]. Implications on longevity have been found in the set
of miRNAs regulated by alg-1 [23]. These interactions are thought to work within the
insulin/IGF-1 (IIS) pathway in a model that is dependent on miR-71 in association with
alg-1 [23]. Aalto and colleagues proposed that miR-71 ultimately represses the expression of
daf-2 within the IIS pathway allowing for an increased nuclear localization of daf-16 which
has been associated with increased longevity [23].

In mammals parasite-derived miR-71 can have effects on murine macrophages by
targeting the mammalian Argonaute genes [20]. Parasites such as E. multilocularis have
been shown to release miRNA-containing exosomes a type of extracellular vesicle to
modulate their environment [20]. MiR-71 expressed from E. multilocularis infection can
upregulate the Argonaute proteins AGO1 and AGO4 in mouse macrophages and ultimately
lead to the repression of nitric oxide (NO) production [20]. This mechanism of miR-71
influencing macrophage Argonaute function in the parasite infection of mammals likely
serves as a survival mechanism of the E. multilocularis organism to avoid the innate immune
response [20]. Parasite-derived miR-71 transported in exosomes presents an interesting
role of miR-71 in host—parasite interactions.

2.1.2. Insulin Signaling

miR-71 was originally discovered to influence lifespan in C. elegans through interaction
with the insulin signaling (IIS) pathway [19]. Mutants containing knockouts of miR-71
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cause a drastic (50%) decrease in C. elegans lifespan while overexpressing miR-71 causes
an increase in lifespan [19]. In addition miR-71 was shown to play an important role in
stress resistance responses to heat and oxidative stress in C. elegans [19]. Older animals
carrying miR-71 knockout mutations were shown to have an increased expression of PDK-1.
PDK-1 is part of a signaling cascade in the IIS pathway that negatively regulates DAF-16
localization. As DAF-16 is a transcription factor required for normal longevity and stress
resistance the up-regulation of PDK-1 in miR-71 knockout mutants explains the defective
stress resistance and reduced lifespan seen in these mutants [19,47]. Although evidence
suggests a role for miR-71 upstream of DAF-16 in the IIS pathway to promote longevity and
an increased stress response daf-16 mutations do not fully suppress the shortened lifespan
phenotypes observed in miR-71 mutants suggesting that other gene pathways are regulated
by miR-71[19,42,47]. Indeed in the germline-less glp-1-mutant C. elegans miR-71 is required
for the lifespan extension caused by germline removal [42]. One proposed target of miR-71
in the germline-mediated response is the gene TCER-1 which can also promote the nuclear
localization of DAF-16 in the intestines [42]. In addition miR-71 has been shown to possibly
play a role in the DNA damage checkpoint pathway through the inhibition of CDC-25.1
which is known to antagonize longevity [19].

In regards to the regulation of DAF-16 by miR-71 the expression of miR-71 in neurons
was sufficient in upregulating DAF-16 nuclear translocation downstream in intestinal
cells [42]. This model shows that the expression of miR-71 in neurons causes the cellular
non-autonomous regulation of DAF-16 in the intestines. One proposed but untested model
is that miR-71 might be transported from neurons to the intestines through extracellular
vesicle non-autonomous regulation. Alternatively miR-71 regulates genes in neurons
that trigger non-cell autonomous effects in intestinal DAF-16. Although neuronal miR-71
targets that affect stress resistance have been identified (which are discussed below) the
mechanisms linking neuronal miR-71 to intestinal DAF-16 remain unknown.

The role of the IIS pathway in miR-71-mediated lifespan regulation extends to the
response to food deprivation and starvation [43]. The role of the ISS pathway in miR-71-
mediated regulation extends to the response to starvation which depends on the miR-71
regulation of AGE-1 a PI3K that is an upstream negative regulator of DAF-16 [43]. In
addition miR-71 is predicted to target another gene unc-31 which is also involved in the IIS
pathway [43]. There is evidence that miR-71 can also regulate stress resistance and lifespan
through regulating the genes hbl-1 and lin-42 in the developmental timing of C. elegans
coming out of starvation [43].

Additionally another possible mechanism where miR-71 regulates longevity is through
a pathway parallel to the IIS pathway [48]. After discovering that miR-71 does not directly
regulate DAF-2 it was discovered that the capability of miR-71 in C. elegans to promote
longevity does not solely depend on DAF-16 but at least partly acts in parallel to the IIS
pathway [48]. There is evidence of another gene kgb-1 which possibly interacted with
miR-71 in the regulation of DAF-16 in the IIS pathway [44]. The activation of KGB-1
repressed the expression of miR-71 in C. elegans [44]. KGB-1 had previously been shown
to antagonize the nuclear localization of DAF-16; however it was also shown that miR-71
could reciprocally regulate KGB-1 to promote DAF-16 nuclear localization [44].

2.1.3. Development and Cell Signaling

miR-71 demonstrates diverse abilities pertaining to the signaling and developmental
timing of many different organisms. Calcium signaling is essential for neuronal differ-
entiation during larval development in C. elegans and the miR-71 targeting of the gene
tir-1 an adaptor protein in the calcium signaling pathway is required for asymmetric
neuronal differentiation in the AWC olfactory neurons [30]. In R. philippinarum miR-71
affects shell color pigmentation by targeting the gene for calmodulin CALM [25]. In clams
calcium signaling plays a key role in shell color patterning and the negative regulation
of the calcium-signaling-pathway gene CALM contributes to shell color diversity among
populations [25].
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In addition to calcium signaling other signaling pathways required for development
have been shown to depend on miR-71. It was discovered that miR-71 secreted from
the parasite S. Japonicum has the capability of arresting the cell growth of hepatic tumor
cells in mouse models [27]. In mammals the parasite-derived miR-71 targeting of the
frizzled pathway gene FZD4 inhibits hepatic cell signaling and can exert antitumor effects
on hepatoma cells [27]. By negatively regulating the expression of the frizzled pathway
protein FZD4 miR-71 effectively arrested hepatoma cells at the G0/G1 phase and inhibited
the migration of tumor cells in mouse liver [27].

In E. multilocularis miR-71 is important in development by regulating several genes [28].
The regulation of these genes by miR-71 is required for the proper development of
E. multilocularis as the inhibition of parasite early development was observed in miR-71
knockout tapeworms [28]. By knocking out miR-71 three genes with binding sites for miR-
71 were all upregulated: frizzled serine/threonine kinase and T-cell immunomodulatory
protein (EmTIP) [28]. Frizzled and serine/threonine kinase are involved in the signaling
pathways for cell fate determination cell differentiation and cell migration [28]. Addi-
tionally EmTIP is important for cell proliferation and host-parasite communication [28].
The regulation of these genes by miR-71 remains imperative for cellular growth and
early parasite development. In addition miR-71 can regulate asymmetric cell division in
E. multilocularis by targeting nemo-like kinase (NLK) a protein in the signaling pathway for
cell fate decisions [29]. The targeting of nlk by miR-71 is important in embryogenesis and
development of the tapeworms by regulating cell fate and differentiation [29].

Targeting of the genes beta-14 xylanase and membrane metallo-endopeptidase-like
1 by miR-71 can affect metamorphic patterns in R. venosa [24]. The expression of miR-71
negatively regulates these two genes which have implications on R. venosa metamorpho-
sis [24]. Throughout the larval stage as miR-71 expression decreases the expression of
these genes increases leading to metamorphosis [24]. Additionally miR-71 can target chitin
synthase (CHS1) a crucial enzyme for chitin biosynthesis to influence molting patterns
in L. migratoria [26]. By increasing the expression of miR-71 decreased levels of CHSI led
to disrupted and abnormal molting patterns in locusts [26]. Conversely the knockout of
miR-71 led to similar defects in molting in locusts showing a balancing modulation pattern
between miR-71 and CHS1 [26].

2.1.4. Innate Immunity and Pathogenicity

In M. japonicus miR-71 targeted the calcification-associated peptide-1 (cap-1) to regulate
viral infection and host autophagy in shrimps [38]. Autophagy is a critical component of the
innate immune system in which the calculated degradation of intracellular compartments
can be reallocated for other cellular utilities such as material recycling. Autophagy levels of
M. japonicus were significantly increased in organisms overexpressing miR-71 and decreased
in miR-71 knockouts. This can also work to the detriment of the host as organisms with
elevated miR-71 had higher viral loads and mortality rates when infected with viruses that
use autophagy as a part of their replicative process [38]. This evidence suggests that miR-71
can act as a bridge between viral infection and host autophagy [38].

In addition miR-71 and the miR-71-3p star sequence might be important for stimulating
apoptosis while at the same time inhibiting the phagocytosis and phenoloxidase (an enzyme
important in innate immunity) pathways in M. japonicus [49]. The down-regulation of
miR-71 and miR-71-3p during apoptosis inhibition and the up-regulation of both during
apoptosis activation hints at the role miR-71 and the miR-71-3p star sequence play in
stimulating apoptosis [49]. Additionally the inhibition of phagocytosis and phenoloxidase
activity showed an up-regulation of miR-71 and miR-71-3p showing that both sequences
negatively regulate these pathways [49]. All three of these pathways are important for
innate immunity in shrimp ultimately suggesting that miR-71 and the miR-71 star sequence
can regulate the immune response [49]. However there were a lack of specific targets
studied in these pathways by Yang et al. [49].
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In M. nipponense the miR-71-3p star sequence has the ability to inhibit clotting through
the targeting of PCE a pro-clotting enzyme [40]. The miR-71-3p star sequence is an im-
portant part of the immune response to bacterial infection of the river prawn through
regulating clotting in conjunction with a long non-coding RNA (IncRNA) IncRNA tran-
script_11191 [40]. In response to S. eriocheiris infection miR-71-3p was upregulated and
found to act in a trinity with IncRNA transcript_11191 and PCE [40]. The proposed mecha-
nism from Ou et al. is of IncRNA transcript_11191 acting as a sponge and competitively
binding to miR-71-3p to modulate the down-regulation of PCE [40].

Additionally miR-71 has been shown to target Seroin2 protein in the silkworm
B. mori which is important for the antiviral immune response to alter infectivity [41].
Seroin proteins are silk-associated proteins in silkworms that protect the organism from
microbes and infection [41]. By overexpressing miR-71 in B. mori there was a significant de-
crease in the expression of the Seroin2 protein showing that miR-71 can effectively regulate
immune responses [41].

MiR-71 expressed in exosomes by the parasite H. polygyrus bakeri can also target mam-
malian interferon regulatory factor 4 (IRF4) in mouse lymphocytes and macrophages [39].
As previously described by Zheng et al. parasitic miRNAs can be utilized by mouse Arg-
onaute protein for the targeting of mouse genes to regulate immune responses [20,39]. It has
been shown that through this mechanism miR-71 has both anti-inflammatory and immuno-
suppressing properties by downregulating the expression of cytokines and chemokines in
unpolarized mouse macrophages [39]. Another parasite E. multilocularis can also influence
mouse macrophage function by ultimately repressing nitric oxide (NO) production an
important substrate in the innate immune response [20]. These findings suggest a possible
function of miR-71 to promote the infectivity of parasites in mammals by regulating the
adaptive immune response through miRNA-containing exosome secretion and may serve
as a potential target for therapeutic intervention [39].

2.1.5. Environmental Stressors

Consistent with its function on longevity miR-71 has also been found to function on
organismal response to various forms of environmental stresses. Dietary restriction is a
conserved pro-longevity intervention that extends lifespan across species. In C. elegans
dietary restriction has been shown to upregulate miR-71 leading to the repression of
transcription factor PHA-4 [36]. In turn the downregulating expression of PHA-4 by miR-71
leads to an extended lifespan in C. elegans likely due to the increased expression of DAF-16
and its target genes [36]. Additionally it has been shown that food odor can serve as
a catalyst for the targeting of tir-1 by miR-71 in C. elegans [31]. The olfaction-dependent
targeting of tir-1 by miR-71 promotes downstream effects such as proteostasis and longevity
in these worms [31].

The development of the tapeworm E. granulosus relies on the miR-71 regulation of
the oxidation reduction process through the targeting of the gene HSC70 a heat-shock
protein involved in maintaining proteostasis during oxidative stress [34]. During the
normal development of tapeworms miR-71 levels increase throughout adulthood peaking at
day 7 [34]. However the exposure of E. granulosus to bile salts in order to induce strobilation
a method of asexual reproduction saw a decrease in the expression of miR-71 with a
significant increase in the expression of the target gene HSC70 [34].

Various stressors can also affect miR-71 interactions with transport proteins. In his-
tone deacetylase (HDAC) knockouts a gene important for maintaining the stem cells of
S. mediterranea the levels of miR-71 significantly decreased [35]. However upon exposure to
radiation the downregulated miR-71 in HDAC knockout S. mediterranea was still capable
of targeting the membrane transport protein MFS transporter DHA1 family solute carrier
family 18 [35]. The regulation of this membrane transport protein by miR-71 may play a
vital role during stem cell depletion in S. mediterranea [35].

Other stressors have shown more pronounced effects on miR-71 levels. Heavy metal
exposure often induces effects by either serving as agonists or antagonists for proteins
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associated with signaling cascades or transport. In D. pulex cadmium affects the transport of
cations such as calcium and copper [37]. Disruption can lead to the alteration of transporters
and toxic accumulation of ions; therefore the organisms must have an adaptive response
to acclimate to heavy metal exposure [37]. miR-71 expression is upregulated in cadmium-
exposed D. pulex and targets the copper transporter SLC31A1 to mitigate cadmium binding
to the protein [37]. miR-71 also shows the capability of working synergistically with other
miRNAs to regulate sodium calcium and potassium channels by targeting transporters
such as KCNN1 SCN2A and HCN?2 [37].

An additional connection between sodium channels and miR-71 is also observed in
C. pipiens. Pyrethroids such as deltamethrin have become widely used due to having potent
insecticide properties with low human toxicity. One mechanism of action of pyrethroids is
its inhibiting of the sodium inactivation channels in the nervous system. As a result insects
exposed to pyrethroids experience uncontrolled depolarizations lack of repolarization
prolonged contraction and twitches and eventually spastic paralysis before dying [50].
Enzymes such as Cytochrome p450 325BG3 can mitigate insecticide-induced damage by
quickly degrading pyrethroids. miR-71 can target CYP325BG3 and silence the ability to
degrade pyrethroids. Higher mortality rates of C. pipiens exposed to pyrethroids were
observed in groups with enhanced miR-71 [32]. Meanwhile deltamethrin-resistant strains
had a lower overall expression of miR-71 especially in females [33]. Evolution favors the
selection of insects with decreased miR-71 expression leading to a decreased silencing
of CYP325BG3 and thus an increase in the enzymes available to combat the insecticidal
properties of pyrethroids such as deltamethrin.

2.2. Sequence Analysis

miR-71 is heavily conserved throughout invertebrates and has been reported to be
expressed in 98 organisms (Supplementary Table S2). However no prior study has aligned
the sequences to investigate what regions of miR-71 are the most conserved.

Sequences of the mature strand of miR-71 (miR-71-5p) from 106 studies were compiled
and analyzed for conservation amongst different organisms. Strong conservation was
seen in the seed sequence (nucleotides 2-7) and the anchor sequence (nucleotides 12-18)
regions based on a threshold of 95% consensus with minimal conservation between these
two sequences (Figure 1A). While nucleotides 2—7 are canonically referred to as the seed
sequence important for target mRNA recognition a recent review on miRNA targeting
has shown that nucleotides 13-16 provide additional interactions with the target once the
seed region has been bound and are denoted the “anchor” sequence [51]. This is consistent
with our findings that show that the seed sequence and anchor sequences are two of the
most highly conserved regions of miR-71-5p. These regions have high conservation most
likely due to the regulatory role they play in organisms. We found that the consensus
23 nucleotide sequence for the mature 5 arm of miR-71 (miR-71-5p) generated by Clustal
W is “UGAAAGACAUGGGUAGUGAGAUG” (Figure 1A).

However the star sequence (miR-71-3p) has less conservation throughout the sequence.
The consensus 22 nucleotide sequence for the star strand 3’ arm of miR-71 generated by
Clustal W is “UCUCACUACCUUGUCUUUCAUG” (Supplementary Figure S1). Nu-
cleotides 2 7-8 13-14 and 16-18 of miR-71-3p are conserved based on a threshold of 95%
consensus showing a more scattered conservation pattern than miR-71-5p (Supplementary
Figure S1). Prior studies have suggested that the star sequences of miRNA have little
targeting capacity and are mainly a degradation by-product from mature miRNA process-
ing [52]. The scattered conservation of the miR-71 star strand may be explained by a lack of
functional miRNA potential. This could suggest why there is little conservation seen in the
star strand of miR-71 and why targets of miR-71-3p have not been heavily studied.

In addition we decided to conduct a sequence analysis of the proposed miR-71 targets
from the 14 studies after secondary screening that published the predicted binding site
sequences. The proposed target sites in the 3’ UTR were compiled and analyzed for
conservation amongst the different invertebrate and mammalian genes targeted by miR-71.
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Heavy conservation was seen in the region of the 3’ UTR that is complementary to the
seed sequence of miR-71 (Figure 1B). However little conservation is observed in the regions
flanking the seed complementarity sequence in the 3’ UTR (Figure 1B). We believe that
the conservation of this region of the 3’ UTR that is complementary to the seed sequence
is meant for regulation by miR-71 and has been preserved in genes that are targeted by
miR-71. However little conservation is seen in the region of the 3’ UTR complementary to
the anchor sequence of miR-71.

C

miR-71
\ dataset: 1
Consensus v Target: 3 'UTR-Consensus
GCGCGUGAAAGAACAUGUGGGUAGUGAAGAUGU+ length: 31
MiRNA: miR-71
Occupancy l length: 23
I; mfe: -21.9 kcal/mol
3' UTR p-value: undefined
Position: 4
Consansus target 5' A UUAGUUA B
CAUA+AVUUUACUUVAGCUUAAUCGUCUUUCACU++GCAAC UUUACU AUGUCUUUCA
R GAGUGA UACAGAAAGU
0¢ > & . ' )
cupancy g .« = ’ miRNA 3' GUA UGGG 5

Figure 1. miR-71 and target 3’ UTR sequence conservation amongst multiple species. (A) A consensus
sequence was created from the Clustal Omega alignment of 112 miR-71 sequences compiled after
primary screening. Letters in blue indicate over 95% identity across sequences. (B) A consensus
sequence was created from Clustal Omega alignment of 14 target 3’ UTR sequences after secondary
screening. Letters in blue indicate over 95% identity across sequences. (C) Consensus sequences
from (A,B) were aligned for miRNA-UTR binding showing an 8-mer Al seed site the strongest
binding capacity. Binding was favorable with a maximum free energy of —21.9 kcal/mol between the
consensus miR-71 sequence and the consequence 3’ UTR sequence.

Given the consensus sequences generated from the alignment of miR-71-5p and the
proposed target 3' UTRs we predict a consensus binding site for miR-71-5p consisting of an
8-mer Al (adenosine complementary to nucleotide 1 of an miRNA) binding structure with
the seed sequence and a heavy amount of binding with the anchor sequence (Figure 1C). The
predicted 8-mer A1 binding structure represents the strongest binding capability of miRNAs
to their target 3’ UTR with the adenosine positioned complementarily to nucleotide 1 of
the miRNA believed to aid in Argonaute protein recognition [53]. In addition the low free
energy of binding —21.9 kJ/mol presents an energetically favorable binding between these
two consensus sequences (Figure 1C).

These results can be used in a bioinformatical approach to discover other possible
targets of miR-71 based on these heavily conserved regions discovered in both the seed
sequence of miR-71 and the complementary seed sequence of target 3’ UTRs.

3. Discussion

The most consistent evidence for the targets of miR-71 within invertebrates are
the Argonaute system insulin-like signaling pathway and the toll-like receptor pathway
(Figure 2).
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Figure 2. Major invertebrate targets of miR-71. Major pathways and genes regulated by miR-71
include Argonaute proteins insulin-like signaling (IIS) pathway and TIR-1.

In the Argonaute system miR-71 acts as a regulator of the ALG-1 and ALG-2 Argonaute
proteins to control the synthesis of other miRNA production through a regulatory feedback
loop. Argonaute proteins are required for miRNA and their mechanism of regulation
through the stabilization of miRNA and target as well as recruiting the RISC complex for
mRNA degradation. This negative regulation of Argonaute proteins by miR-71 regulates the
abundance of global miRNA production and in turn their mRNA targets. This regulation is
believed to lead to the homeostasis required for normal longevity and stress response.

miR-71 is also believed to affect the insulin-like signaling pathway through ultimate
up-regulation of the nuclear transcription factor DAF-16 an orthologue of the human
fox-head transcription factor FOXO. Prior evidence has shown that DAF-16 promotes
increased longevity which seems to be stimulated through miR-71. However there are
multiple possible gene targets in the IIS pathway that might be regulated by miR-71 to
ultimately lead to the up-regulation of DAF-16. Many different models show that miR-71
can negatively regulate an inhibitor of DAF-16 expression to ultimately lead to DAF-16 up-
regulation. This pathway may explain the longevity-promoting effects seen in organisms
that overexpress miR-71.

The toll receptor domain TIR-1 pathway has also been shown to be regulated by miR-
71 to promote proteostasis and inhibit neuronal degradation. TIR-1 is an orthologue of the
human toll-like receptor adaptor protein SARM1 and has been shown to have deleterious
effects in neuronal function and may promote neuronal degradation. In the neurons of
invertebrates miR-71 negatively regulates TIR-1 and TIR-1 mutations suppress the defects
of proteostasis response caused by the deletion of miR-71 knockout.

Interestingly miR-71 is also believed to play a role in the pathogenicity of parasitic
invertebrates (Figure 3). Parasitic invertebrates excrete extracellular vesicles that have been
shown to contain miR-71 and may influence the pathogenicity of parasites inside the host
organism. miR-71 has been shown to upregulate Argonaute proteins within mammals
which ultimately leads to a decrease in nitric oxide production by macrophages. This
suggests that miR-71 can also act in upregulating target genes in a cell specific way that
occurs outside of the host organism. In a separate pathway miR-71 secreted in extracellular
vesicles has been shown to negatively regulate IRF4 and suppress the immune response in
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mammals by decreasing cytokine response and inflammation. It was shown that miR-71
can be loaded onto mammalian AGO2 to negatively regulate IRF4 and decrease the immune
response. This most likely acts in a way that promotes the survival of the parasite within
the host.

miR71
AGO1 1
AGO4 IRF4
v
Nitric Oxide Cytokine Response/
Production Inflammation

Figure 3. Mammalian targets of miR-71. miR-71 is believed to play a role in the pathogenicity of
parasitic invertebrates. Parasitic invertebrates excrete extracellular vesicles that have been shown
to contain miR-71 and may influence the pathogenicity of parasites. miR-71 has been shown to
upregulate Argonaute proteins which ultimately leads to a decrease in nitric oxide production by
macrophages. In a separate pathway miR-71 has been shown to negatively regulate IRF4 and suppress
the immune response in mammals by decreasing cytokine response and inflammation.

Overall the high conservation of miR-71 regulatory sequences (seed and anchor se-
quences) and the conservation of the 3’ UTR sequence that is complementary to the seed
sequence can help to discover more possible target genes through a bioinformatic approach.
These genes will need to be experimentally confirmed to assess whether they are indeed
regulated by miR-71. With the knowledge that miR-71 has the capability of regulating
multiple different genes future steps need to be taken to test whether there are other gene
targets and pathways regulated by this miRNA and how they fit into systems biology.

4. Material and Methods
4.1. Search Strategy and Selection

A systematic search was performed using the PubMed Scopus and PubMed Central
databases to identify studies that investigated miR-71 and its targets in invertebrates.
The search was conducted from November 2022 to May 2023 and was limited to studies
published in the English language. The search terms used were “microRNA-71" “miR-71"
and “miR-71 targets”.

We independently screened the titles and abstracts of all identified studies to determine
their eligibility for inclusion in the systematic review. The inclusion criteria were studies
that: (1) experimentally investigated the gene targets of miR-71 (2) were primary research
articles and (3) were written in the English language. The exclusion criteria were studies
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that: (1) did not experimentally investigate the protein targets of miR-71 (2) included
vertebrates as the primary experimental subjects (3) were non-primary articles (systematic
reviews and meta-analyses) or (4) were not written in English.

For the included studies we conducted a second independent screening to confirm
study eligibility. A final selection following the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) was conducted to show the filtering of databases
and publications and the justification for exclusion throughout the screening process. From
the search terms the three databases yielded 564 studies (63 PubMed 67 Scopus and 434
PubMed Central). Thirty-one studies remained after the primary and secondary screenings
were completed (Figure 4).

‘v Identification of studies via databases and registers ‘

'S
= Records identified from:
% Databases (n = 564) Records removed before
3} _ a| Screening:
b3 1. PubMed (rl_63) il Duplicate records removed
c 2. Scopus (n=67) (n = 130)
S 3. PubMed Central (n=434)
—/
SR
Records excluded
(n=231)
Records screened > Eﬁ_aslo? 139";‘)’"-':’“'“3"}'
n =434 icle (n=
( ) Reason 2: miR-71 Not
Studied (n=133)
o
=
=
)
e
3 Reports excluded: (n=172)
Ranort d for eligibility Reason 1: Targets not
eports assessed for eligibili experimentally analyzed (n =
(n=203) * 161)
Reason 2: miR-71 used for
purpose of diagnostic marker
(n=11)
—
\4
b
= Studies included in review
T:’ (n=31)

Figure 4. Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA). A system-
atic search was performed using PubMed Scopus and PubMed Central databases to identify studies
that experimentally investigate the targets of miR-71. The search terms used were “microRNA-71"
“miR-71” and “miR-71 targets”.

4.2. Data Collection and Analysis

Data were collected from eligible studies by two independent reviewers and organized
into a Microsoft Excel file (Supplementary Table S1). The extracted data included details
such as species of invertebrate protein target identification general mechanism of action
and a concise summary of the research as it pertains to miR-71.

After data collection the mechanisms of action were grouped into larger categories.
Based on the findings the larger categories were determined to be the following: Argonaute



Non-Coding RNA 2023, 9, 41 13 of 15

System Insulin/Insulin-Like Signaling Pathway Development and Signaling Patterns In-
nate Immunity and Pathogenicity and Environmental Stress. For analysis human ortho-
logues for prospective gene targets of miR-71 were discovered using RefSeq and the NCBI
Gene Database.

4.3. Conservation of miR-71

Sequences for miR-71 strands were gathered after primary screening from a prelim-
inary search of studies on three databases (PubMed Central PubMed and Scopus). A
preliminary search showed 424 studies after removing duplicates. After primary screen-
ing 206 studies were further analyzed for inclusion and exclusion criteria as well as for
sequences of miR-71. We compiled 112 sequences from the mature strand 5 arm of miR-71
and 21 sequences from the star strand 3’ arm of miR-71 to align for sequence analysis
(Supplementary Table S2). These sequences were compiled and analyzed by Clustal W to
find a consensus sequence and regions of conservation. The sequence analysis conducted
by Clustal W was then imported for viewing on JalView. The consensus sequence for
miR-71-5p and consensus sequence for target 3’ UTR were finally analyzed for predicted
binding using the RNAhybrid software.

4.4. Ethical Considerations

No ethical approval was required for this systematic review. All collected data are
publicly available on the three search databases.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/ncrna9040041/s1 Figure S1: miR-71-3p Alignment; Table S1: Summary of
Included Studies; Table S2: Sequences Used for Alignment.

Author Contributions: Conceptualization D.N. and A.d.L.; methodology D.N. and R.B.; validation
D.N,, R.B. and A.d.L.; investigation D.N. and R.B.; data curation D.N. and R.B.; writing—original draft
preparation D.N. and R.B.; writing—review and editing D.N. and A.d.L.; supervision A.d.L.; project
administration A.d.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are available upon request to the corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Bartel, D.P. MicroRNAs: Genomics Biogenesis Mechanism and Function. Cell 2004, 116, 281-297. [CrossRef]

2. Lee, R.C; Feinbaum, R.L.; Ambros, V. The C. elegans Heterochronic Gene Lin-4 Encodes Small RNAs with Antisense Complemen-
tarity to Lin-14. Cell 1993, 75, 843-854. [CrossRef]

3. Walker, G.A.; Lithgow, G.J. Lifespan Extension in C. Elegans by a Molecular Chaperone Dependent upon Insulin-like Signals.
Aging Cell 2003, 2, 131-139. [CrossRef]

4. Cai, X,; Hagedorn, C.H.; Cullen, B.R. Human MicroRNAs Are Processed from Capped Polyadenylated Transcripts That Can Also
Function as MRNAs. RNA 2004, 10, 1957-1966. [CrossRef] [PubMed]

5.  Kim, V.N,; Han, J.; Siomi, M.C. Biogenesis of Small RNAs in Animals. Nat. Rev. Mol. Cell Biol. 2009, 10, 126-139. [CrossRef]
[PubMed]

6. Hammond, S.M. An Overview of MicroRNAs. Adv. Drug Deliv. Rev. 2015, 87, 3—14. [CrossRef] [PubMed]

7. O’Brien, J.; Hayder, H.; Zayed, Y.; Peng, C. Overview of MicroRNA Biogenesis Mechanisms of Actions and Circulation. Front.
Endocrinol. 2018, 9, 402. [CrossRef]

8. Reinhart, B.J.; Slack, E]J.; Basson, M.; Pasquinelli, A.E.; Bettinger, ].C.; Rougvie, A.E.; Horvitz, H.R.; Ruvkun, G. The 21-Nucleotide
Let-7 RNA Regulates Developmental Timing in Caenorhabditis Elegans. Nature 2000, 403, 901-906. [CrossRef]

9. Kozomara, A.; Birgaoanu, M.; Griffiths-Jones, S. MiRBase: From MicroRNA Sequences to Function. Nucleic Acids Res. 2019, 47,
D155-D162. [CrossRef]

10. Kim, D.h.; Griin, D.; van Oudenaarden, A. Dampening of Expression Oscillations by Synchronous Regulation of a MicroRNA

and Its Target. Nat. Genet. 2013, 45, 1337-1344. [CrossRef]


https://www.mdpi.com/article/10.3390/ncrna9040041/s1
https://www.mdpi.com/article/10.3390/ncrna9040041/s1
https://doi.org/10.1016/S0092-8674(04)00045-5
https://doi.org/10.1016/0092-8674(93)90529-Y
https://doi.org/10.1046/j.1474-9728.2003.00045.x
https://doi.org/10.1261/rna.7135204
https://www.ncbi.nlm.nih.gov/pubmed/15525708
https://doi.org/10.1038/nrm2632
https://www.ncbi.nlm.nih.gov/pubmed/19165215
https://doi.org/10.1016/j.addr.2015.05.001
https://www.ncbi.nlm.nih.gov/pubmed/25979468
https://doi.org/10.3389/fendo.2018.00402
https://doi.org/10.1038/35002607
https://doi.org/10.1093/nar/gky1141
https://doi.org/10.1038/ng.2763

Non-Coding RNA 2023, 9, 41 14 0of 15

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Macchiaroli, N.; Maldonado, L.L.; Zarowiecki, M.; Cucher, M.; Gismondi, M.I.; Kamenetzky, L.; Rosenzvit, M.C. Genome-Wide
Identification of MicroRNA Targets in the Neglected Disease Pathogens of the Genus Echinococcus. Mol. Biochem. Parasitol. 2017,
214,91-100. [CrossRef]

Ma, Y.; Shen, N.; Wicha, M.S.; Luo, M. The Roles of the Let-7 Family of MicroRNAs in the Regulation of Cancer Stemness. Cells
2021, 10, 2415. [CrossRef]

Marini, E; Brandi, M.L. Role of MiR-24 in Multiple Endocrine Neoplasia Type 1: A Potential Target for Molecular Therapy. Int. ].
Mol. Sci. 2021, 22, 7352. [CrossRef] [PubMed]

Xu, P; Wu, Q.; Yu, J; Rao, Y.; Kou, Z,; Fang, G.; Shi, X.; Liu, W.; Han, H. A Systematic Way to Infer the Regulation Relations of
MiRNAs on Target Genes and Critical MiRNAs in Cancers. Front. Genet. 2020, 11, 278. [CrossRef] [PubMed]

Vasudevan, S.; Tong, Y.; Steitz, J.A. Switching from Repression to Activation: MicroRNAs Can Up-Regulate Translation. Science
2007, 318, 1931-1934. [CrossRef]

Bukhari, S.I.A.; Truesdell, S.S.; Lee, S.; Kollu, S.; Classon, A.; Boukhali, M.; Jain, E.; Mortensen, R.D.; Yanagiya, A.; Sadreyev, R.I;
et al. A Specialized Mechanism of Translation Mediated by FXR1a-Associated MicroRNP in Cellular Quiescence. Mol. Cell 2016,
61, 760-773. [CrossRef] [PubMed]

Inukai, S.; Pincus, Z.; de Lencastre, A.; Slack, FJ. A MicroRNA Feedback Loop Regulates Global MicroRNA Abundance during
Aging. RNA 2018, 24, 159-172. [CrossRef]

Lim, L.P; Lau, N.C.; Weinstein, E.G.; Abdelhakim, A.; Yekta, S.; Rhoades, M.W.; Burge, C.B.; Bartel, D.P. The MicroRNAs of
Caenorhabditis elegans. Genes Dev. 2003, 17, 991-1008. [CrossRef]

de Lencastre, A.; Pincus, Z.; Zhou, K.; Kato, M.; Lee, S.S.; Slack, EJ. MicroRNAs Both Promote and Antagonize Longevity in C.
elegans. Curr. Biol. 2010, 20, 2159-2168. [CrossRef]

Zheng, Y.; Guo, X.; He, W.; Shao, Z.; Zhang, X.; Yang, J.; Shen, Y.; Luo, X.; Cao, J. Effects of Echinococcus multilocularis MiR-71
Mimics on Murine Macrophage RAW264.7 Cells. Int. Immunopharmacol. 2016, 34, 259-262. [CrossRef]

Theil, K.; Imami, K.; Rajewsky, N. Identification of Proteins and MiRNAs That Specifically Bind an MRNA In Vivo. Nat. Commun.
2019, 10, 4205. [CrossRef]

Brosnan, C.A.; Palmer, A.J.; Zuryn, S. Cell-Type-Specific Profiling of Loaded MiRNAs from Caenorhabditis elegans Reveals Spatial
and Temporal Flexibility in Argonaute Loading. Nat. Commun. 2021, 12, 2194. [CrossRef]

Aalto, A.P; Nicastro, I.A.; Broughton, J.P.; Chipman, L.B.; Schreiner, W.P.; Chen, ].S.; Pasquinelli, A.E. Opposing Roles of
MicroRNA Argonautes during Caenorhabditis elegans Aging. PLoS Genet. 2018, 14, e1007379. [CrossRef]

Song, H.; Qi, L.; Zhang, T.; Wang, H. Understanding MicroRNA Regulation Involved in the Metamorphosis of the Veined Rapa
Whelk (Rapana venosa). G3 Genes Genomes Genet. 2017, 7, 3999-4008. [CrossRef] [PubMed]

Xu, Q.; Nie, H.; Yin, Z.; Zhang, Y.; Huo, Z.; Yan, X. MiRNA-MRNA Integration Analysis Reveals the Regulatory Roles of MiRNAs
in Shell Pigmentation of the Manila Clam (Ruditapes philippinarum). Mar. Biotechnol. 2021, 23, 976-993. [CrossRef] [PubMed]
Yang, M.; Wang, Y.; Jiang, F.; Song, T.; Wang, H.; Liu, Q.; Zhang, J.; Zhang, ]J.; Kang, L. MiR-71 and MiR-263 Jointly Regulate
Target Genes Chitin synthase and Chitinase to Control Locust Molting. PLoS Genet. 2016, 12, e1006257. [CrossRef]

Jiang, P; Wang, J.; Zhu, S.; Hu, C,; Lin, Y.; Pan, W. Identification of a Schistosoma japonicum MicroRNA That Suppresses Hepatoma
Cell Growth and Migration by Targeting Host FZD4 Gene. Front. Cell Infect. Microbiol. 2022, 12, 786543. [CrossRef]

Pérez, M.G,; Spiliotis, M.; Rego, N.; Macchiaroli, N.; Kamenetzky, L.; Holroyd, N.; Cucher, M.A.; Brehm, K.; Rosenzvit, M.C.
Deciphering the Role of MiR-71 in Echinococcus multilocularis Early Development In Vitro. PLoS Negl. Trop. Dis. 2019, 13, e0007932.
[CrossRef] [PubMed]

Guo, X.; Zhang, X.; Yang, J.; Jin, X.; Ding, J.; Xiang, H.; Ayaz, M.; Luo, X.; Zheng, Y. Suppression of Nemo-like Kinase by MiR-71
in Echinococcus multilocularis. Exp. Parasitol. 2017, 183, 1-5. [CrossRef] [PubMed]

Hsieh, Y.-W.; Chang, C.; Chuang, C.-F. The MicroRNA Mir-71 Inhibits Calcium Signaling by Targeting the TIR-1/Sarm1 Adaptor
Protein to Control Stochastic L/R Neuronal Asymmetry in C. elegans. PLoS Genet. 2012, 8, €1002864. [CrossRef]

Finger, E; Ottens, F,; Springhorn, A.; Drexel, T.; Proksch, L.; Metz, S.; Cochella, L.; Hoppe, T. Olfaction Regulates Organismal
Proteostasis and Longevity via MicroRNA-Dependent Signaling. Nat. Metab. 2019, 1, 350-359. [CrossRef]

Guo, Q.; Huang, Y.; Zou, F; Liu, B.; Tian, M.; Ye, W.; Guo, ].; Sun, X.; Zhou, D.; Sun, Y,; et al. The Role of MiR-2~13~71 Cluster in
Resistance to Deltamethrin in Culex pipiens pallens. Insect Biochem. Mol. Biol. 2017, 84, 15-22. [CrossRef]

Hong, S.; Guo, Q.; Wang, W.; Hu, S.; Fang, F; Lv, Y;; Yu, ].; Zou, F; Lei, Z.; Ma, K ; et al. Identification of Differentially Expressed
MicroRNAs in Culex pipiens and Their Potential Roles in Pyrethroid Resistance. Insect Biochem. Mol. Biol. 2014, 55, 39-50.
[CrossRef] [PubMed]

Bai, Y.; Zhang, Z.; Jin, L.; Zhu, Y.; Zhao, L.; Shi, B.; Li, J.; Guo, G.; Guo, B.; McManus, D.P; et al. Dynamic Changes in the
Global Transcriptome and MicroRNAome Reveal Complex MiRNA-MRNA Regulation in Early Stages of the Bi-Directional
Development of Echinococcus granulosus Protoscoleces. Front. Microbiol. 2020, 11, 654. [CrossRef] [PubMed]

Li, Y,; Zeng, A; Han, X.-S,; Li, G.; Li, Y.-Q.; Shen, B; Jing, Q. Small RNAome Sequencing Delineates the Small RNA Landscape of
Pluripotent Adult Stem Cells in the Planarian Schmidtea mediterranea. Genom. Data 2017, 14, 114-125. [CrossRef] [PubMed]
Smith-Vikos, T.; de Lencastre, A.; Inukai, S.; Shlomchik, M.; Holtrup, B.; Slack, FJ. MicroRNAs Mediate Dietary-Restriction-
Induced Longevity through PHA-4/FOXA and SKN-1/Nrf Transcription Factors. Curr. Biol. 2014, 24, 2238-2246. [CrossRef]
Chen, S.; McKinney, G.J.; Nichols, K.M.; Colbourne, ] K.; Sepulveda, M.S. Novel Cadmium Responsive MicroRNAs in Daphnia
pulex. Environ. Sci. Technol. 2015, 49, 14605-14613. [CrossRef]


https://doi.org/10.1016/j.molbiopara.2017.04.001
https://doi.org/10.3390/cells10092415
https://doi.org/10.3390/ijms22147352
https://www.ncbi.nlm.nih.gov/pubmed/34298972
https://doi.org/10.3389/fgene.2020.00278
https://www.ncbi.nlm.nih.gov/pubmed/32296462
https://doi.org/10.1126/science.1149460
https://doi.org/10.1016/j.molcel.2016.02.013
https://www.ncbi.nlm.nih.gov/pubmed/26942679
https://doi.org/10.1261/rna.062190.117
https://doi.org/10.1101/gad.1074403
https://doi.org/10.1016/j.cub.2010.11.015
https://doi.org/10.1016/j.intimp.2016.03.015
https://doi.org/10.1038/s41467-019-12050-7
https://doi.org/10.1038/s41467-021-22503-7
https://doi.org/10.1371/journal.pgen.1007379
https://doi.org/10.1534/g3.117.300210
https://www.ncbi.nlm.nih.gov/pubmed/29079680
https://doi.org/10.1007/s10126-021-10080-1
https://www.ncbi.nlm.nih.gov/pubmed/34773538
https://doi.org/10.1371/journal.pgen.1006257
https://doi.org/10.3389/fcimb.2022.786543
https://doi.org/10.1371/journal.pntd.0007932
https://www.ncbi.nlm.nih.gov/pubmed/31881019
https://doi.org/10.1016/j.exppara.2017.10.004
https://www.ncbi.nlm.nih.gov/pubmed/29037783
https://doi.org/10.1371/journal.pgen.1002864
https://doi.org/10.1038/s42255-019-0033-z
https://doi.org/10.1016/j.ibmb.2017.03.006
https://doi.org/10.1016/j.ibmb.2014.10.007
https://www.ncbi.nlm.nih.gov/pubmed/25446390
https://doi.org/10.3389/fmicb.2020.00654
https://www.ncbi.nlm.nih.gov/pubmed/32373094
https://doi.org/10.1016/j.gdata.2017.10.004
https://www.ncbi.nlm.nih.gov/pubmed/29124009
https://doi.org/10.1016/j.cub.2014.08.013
https://doi.org/10.1021/acs.est.5b03988

Non-Coding RNA 2023, 9, 41 150f 15

38.

39.

40.

41.

42.

43.

44.

45.

46.
47.

48.

49.

50.

51.

52.

53.

He, Y,; Sun, Y.; Zhang, X. Noncoding MiRNAs Bridge Virus Infection and Host Autophagy in Shrimp In Vivo. FASEB ]. Off. Publ.
Fed. Am. Soc. Exp. Biol. 2017, 31, 2854-2868. [CrossRef]

Soichot, J.; Guttmann, N.; Rehrauer, H.; Joller, N.; Tritten, L. Nematode MicroRNAs Can Individually Regulate Interferon
Regulatory Factor 4 and MTOR in Differentiating T Helper 2 Lymphocytes and Modulate Cytokine Production in Macrophages.
Front. Mol. Biosci. 2022, 9,909312. [CrossRef]

Ou, J.; Chen, H,; Luan, X;; Ju, R,; Sun, Y,; Zhang, B.; Bian, Y.; Meng, Y.; Ji, H.; Wang, Z; et al. Leveraging LncRNA-MiRNA-MRNA
Network to Reveal Anti-Spiroplasma eriocheiris Infection Mechanisms in Macrobrachium nipponense. Aquaculture 2022, 557, 738286.
[CrossRef]

Singh, C.P. In Vitro Treatment of Seroin Proteins to BnNPV Budded Virions Suppresses Viral Proliferation in Bombyx mori Larvae
and Ectopic Overexpression of Host-MiRNAs Downregulates the Expression of Seroin2 MRNA in BmN Cells. Int. J. Trop. Insect
Sci. 2021, 41, 1485-1491. [CrossRef]

Boulias, K.; Horvitz, H.R. The C. elegans MicroRNA Mir-71 Acts in Neurons to Promote Germline-Mediated Longevity through
Regulation of DAF-16/FOXO. Cell Metab. 2012, 15, 439-450. [CrossRef]

Zhang, X.; Zabinsky, R.; Teng, Y.; Cui, M.; Han, M. MicroRNAs Play Critical Roles in the Survival and Recovery of Caenorhabditis
elegans from Starvation-Induced L1 Diapause. Proc. Natl. Acad. Sci. USA 2011, 108, 17997-18002. [CrossRef]

Ruediger, C.; Karimzadegan, S.; Lin, S.; Shapira, M. MiR-71 Mediates Age-Dependent Opposing Contributions of the Stress-
Activated Kinase KGB-1 in Caenorhabditis elegans. Genetics 2021, 218, iyab049. [CrossRef]

Miiller, M.; Fazi, F.; Ciaudo, C. Argonaute Proteins: From Structure to Function in Development and Pathological Cell Fate
Determination. Front. Cell Dev. Biol. 2020, 7, 360. [CrossRef]

Nakanishi, K. Anatomy of Four Human Argonaute Proteins. Nucleic Acids Res. 2022, 50, 6618-6638. [CrossRef]

Pincus, Z.; Smith-Vikos, T.; Slack, FJ. MicroRNA Predictors of Longevity in Caenorhabditis elegans. PLoS Genet. 2011, 7, e1002306.
[CrossRef]

Lucanic, M.; Graham, J.; Scott, G.; Bhaumik, D.; Benz, C.C.; Hubbard, A.; Lithgow, G.J.; Melov, S. Age-Related Micro-RNA
Abundance in Individual, C. Elegans. Aging 2013, 5, 394—411. [CrossRef]

Yang, G.; Yang, L.; Zhao, Z.; Wang, J.; Zhang, X. Signature MiRNAs Involved in the Innate Immunity of Invertebrates. PLoS ONE
2012, 7, €39015. [CrossRef]

Antwi, EB.; Reddy, G.V.P. Toxicological Effects of Pyrethroids on Non-Target Aquatic Insects. Environ. Toxicol. Pharmacol. 2015, 40,
915-923. [CrossRef]

Chipman, L.B.; Pasquinelli, A.E. MiRNA Targeting—Growing Beyond the Seed. Trends Genet. TIG 2019, 35, 215-222. [CrossRef]
[PubMed]

Guo, L.; Lu, Z. The Fate of MiRNA* Strand through Evolutionary Analysis: Implication for Degradation as Merely Carrier Strand
or Potential Regulatory Molecule? PLoS ONE 2010, 5, e11387. [CrossRef]

Majoros, W.H.; Lekprasert, P.; Mukherjee, N.; Skalsky, R.L.; Corcoran, D.L.; Cullen, B.R.; Ohler, U. MicroRNA Target Site
Identification by Integrating Sequence and Binding Information. Nat. Methods 2013, 10, 630-633. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1096/fj.201601141RR
https://doi.org/10.3389/fmolb.2022.909312
https://doi.org/10.1016/j.aquaculture.2022.738286
https://doi.org/10.1007/s42690-020-00346-x
https://doi.org/10.1016/j.cmet.2012.02.014
https://doi.org/10.1073/pnas.1105982108
https://doi.org/10.1093/genetics/iyab049
https://doi.org/10.3389/fcell.2019.00360
https://doi.org/10.1093/nar/gkac519
https://doi.org/10.1371/journal.pgen.1002306
https://doi.org/10.18632/aging.100564
https://doi.org/10.1371/journal.pone.0039015
https://doi.org/10.1016/j.etap.2015.09.023
https://doi.org/10.1016/j.tig.2018.12.005
https://www.ncbi.nlm.nih.gov/pubmed/30638669
https://doi.org/10.1371/journal.pone.0011387
https://doi.org/10.1038/nmeth.2489

	Introduction 
	Results 
	Targeted Pathways of miR-71 
	Argonaute 
	Insulin Signaling 
	Development and Cell Signaling 
	Innate Immunity and Pathogenicity 
	Environmental Stressors 

	Sequence Analysis 

	Discussion 
	Material and Methods 
	Search Strategy and Selection 
	Data Collection and Analysis 
	Conservation of miR-71 
	Ethical Considerations 

	References

