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Abstract

miRNA arm switching is a pivotal regulatory mechanism that allows organisms to fine-tune gene expression by selectively
utilizing either the Sp or 3p strand of a miRNA duplex. This process, conserved across species, facilitates adaptive responses
to developmental cues, environmental changes, and disease states. By dynamically altering strand selection, arm switching
reshapes gene regulatory networks, contributing to phenotypic diversity and evolutionary innovation. Despite its growing
recognition, the mechanisms driving arm switching—such as thermodynamic properties and enzyme-mediated processing—
remain incompletely understood. This review synthesizes current findings, highlighting arm switching as a highly conserved
mechanism with profound implications for the evolution of regulatory networks. We explore how this phenomenon expands
miRNA functionality, drives phenotypic plasticity, and co-evolves with miRNA gene duplications to fuel the diversification
of biological functions across taxa.

Keywords miRNA strand selection mechanisms - Post-transcriptional gene regulation - Evolution of gene regulatory
networks - Phenotypic plasticity in development

Introduction Over time, numerous discoveries have illuminated the regu-
latory functions of RNA, including aspects of its structure,
biogenesis, interactions with biological pathways, and the

role of natural selection in shaping these processes.

The world of microRNAs

Since its discovery in 1993 during studies on nematode
development, microRNAs (miRNAs) have been identified
in several eukaryotic groups, including humans [1]. These
small, abundant molecules introduce an additional layer of
complexity in genetic and physiological regulatory systems,
through which evolutionary adaptive mechanisms operate.
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MiRNAs, like other non-coding RNAs, are recognized
as fundamental regulators of various biological processes,
including ontogenesis, cellular growth, differentiation,
regeneration, and disease progression. For this reason, an
expanding research field has been established over the last
two decades, focusing on miRNA function, regulation, and
evolution, and it continues to grow.

MiRNAs are small non-coding transcripts (~22 nucle-
otides) that regulate gene expression by binding to target
mRNAs. A defining feature of miRNAs is the seed region,
a short and highly conserved sequence spanning nucleo-
tides 2—7 at the 5" end. This region is crucial for target rec-
ognition, as it typically forms complementary base pairs
with miRNA recognition elements (MREs) located in the
3’ untranslated region (3'UTR) of target mRNAs, thereby
determining specificity. In addition to the seed region, down-
stream nucleotides—particularly nucleotide 8 and, to a lesser
extent, nucleotides 13—16—also contribute to target bind-
ing, further refining miRNA-mRNA interactions [1]. Perfect
base pairing between miRNA and its mRNA target leads to
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cleavage of the target transcript, similar to the mechanism of
small interfering RNAs (siRNAs). However, the vast major-
ity of miRNAs bind imperfectly to their targets, even within
the seed region, leading to translation inhibition and even-
tual target degradation. Because of this mechanism, each
miRNA can regulate multiple mRNA targets, exerting broad
effects on gene expression networks.

Generally, miRNA genes are transcribed and processed
by the enzymes Drosha and Dicer, resulting in a short RNA
duplex. Each strand of this RNA duplex is referred to as a
miRNA "arm", designated as either Sp or 3p. Both arms can
be loaded into the RNA-induced silencing complex (RISC),
a protein complex whose core component is an Argonaut
(AGO) enzyme. Once loaded into RISC, one strand is
preferentially selected while the complementary “passenger
strand” is rapidly degraded. Different miRNA arms of the
same precursor (pre-miRNA) can be preferentially selected
by distinct RISCs [2]. This process, known as strand
selection, determines which miRNA arm will actively
regulate gene expression. However, miRNA arms of the
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Fig. 1 Arm switching refers to events involving changes in the pref-
erentially selected arm of a precursor miRNA, which presumably
leads to alterations in the repertoire of target mRNAs. Various fac-
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same precursor (pre-miRNA) are not always selected in a
fixed manner. Instead, arm selection can vary depending on
tissue type, developmental stage, or species [1, 3, 4].

One or both arms may become enriched or silenced under
specific conditions, leading to shifts in the relative proportion
of miRNA strands. For example, miR-21-5p, a well-known
oncomiR (a miRNA associated with cancer development),
is upregulated in response to TGF-f (Transforming Growth
Factor Beta) and BMP4 (Bone Morphogenetic Protein 4),
despite pri-miR-21 levels remaining unchanged [5]. While
the precise molecular mechanisms driving strand selection
shifts remain unclear, target mRNA abundance appears to
be a key influencing factor [6]. These shifts, referred to as
differential strand selection or alternative strand selection,
involve variations in the relative usage of the 5p and 3p arms
but do not necessarily lead to a complete dominance switch.

In contrast, arm switching occurs when the previously
minor arm becomes the predominant strand loaded into
RISC, reversing the usual selection pattern (Fig. 1). Since
each arm has a distinct seed sequence and regulates different
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tors reviewed in this study may determine miRNA arm selection and
potentially result in arm switching
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target mRNAs, this process fundamentally alters the miR-
NA's regulatory network [7-9].

Moreover, arm switching is considered an active
regulatory process, allowing for rapid and localized
adjustments in miRNA function. This mechanism is
believed to play a role in adaptive responses across different
eukaryotic taxa. In humans, arm switching has been
linked to various diseases, including cancer, positioning
it as a potential biomarker for tumor development [10].
Characterizing arm switching events could provide valuable
insights for biomedical and biotechnological applications.

Despite the growing recognition of miRNA arm
switching and its functional and evolutionary significance,
many questions remain unanswered, particularly regarding
the molecular determinants of strand selection. This study
aims to systematically review current knowledge on arm
selection mechanisms and arm switching events, particularly
in animal groups, while discussing their causal factors,
underlying biological processes, and broader evolutionary
implications.

Canonical miRNA biogenesis in metazoan

The miRNA biogenesis pathway is well described (Fig. 2)
[1, 11, 12]. During biogenesis, miRNA genes are transcribed
by RNA polymerase 1l (Fig. 2a) with nuclear (Drosha) and
cytoplasmic (Dicer) processing steps. Nascent initial tran-
scripts are known as pri-miRNAs (primary miRNAs) that
are usually capped at their 5’ ends and contain a poly (A)
tail at their 3’ ends and include multiple stem-loops or hair-
pin secondary structures (Fig. 2b) [11, 13, 14]. Within the
nucleus, the first processing step occurs, mediated by the
Microprocessor Complex, composed of the metazoan con-
served enzyme Drosha and coenzyme DGCR8 (DiGeorge

a) b)

pri-miRNA transcript

Pri-miRNA

syndrome critical region 8; homologous to Pasha in Dros-
ophila melanogaster and PASH-1 in Caenorhabditis ele-
gans) (Fig. 2b). The Drosha-DGCRS8 complex exhibits
endoribonucleolytic activity, typical of RNase III enzymes
and recognizes hairpins and cleaves the pre-miRNA 11 pb
from the base of the double-stranded region, leaving a two-
nucleotide 3’ overhang and exposing a 5’ phosphate. This
overhang has a crucial role in miRNA recognition due to
its resulting structural thermodynamic asymmetry [15-17].
Of note, approximately 15% of miRNAs are classified as
miRtrons that are encoded in introns and are processed inde-
pendent of Drosha.

After nuclear cleavage, the resulting 65-70 nucleotide
precursor miRNA (pre-mRNA) containing a single stem-
loop structure (Fig. 2c) [14] is exported to the cytoplasm via
Exportin 5 (XPOS5) and the RAN-GTP/GDP (RAs-related
Nuclear protein-GTPase) concentration gradient (Fig. 2¢)
[18, 19]. Once in the cytoplasm, the pre-miRNA is recog-
nized by Dicer, another conserved RNAse 111 family enzyme.
Dicer is often referred to as a "molecular ruler" because it
can "measure” a set of nucleotides from the terminal end
of pre-miRNA and cleaves at this precise distance due to
precise association of its catalytic domains with the RNA.
Pre-miRNA terminal overhangs are generated by the PAZ
(PIWI-Argonaute-ZWILLE) domain from the Dicer enzyme
(Fig. 3a). In vertebrates, Dicer works alongside two auxiliary
paralogous proteins TRBP (Transactivation Response ele-
ment RNA-Binding Protein) and PACT (Protein ACTivator
of PKR), which recognize double-stranded RNAs (dsRNAs)
through dsRBP domains. Dicer cleaves pre-miRNA adjacent
to the loop region according to its molecular ruler property
(Fig. 2d).

Two methods exist for determining the precise cleav-
age point within pre-miRNAs. The first is if the 5’ terminal
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Fig.2 miRNA biogenesis. a The transcription of the miRNA gene
is carried out by RNA polymerase II. b The primary transcript, pri-
miRNA, is incorporated into the microprocessor complex composed
of Drosha and DGCRS, which cleaves the pri-miRNA 11 nucleotides
from its basal junction, represented by the red line and arrows. ¢ The
resulting molecule is the pre-miRNA, which is exported to the cyto-

plasm by XPOS5 in association with RAN-GTP. d In the cytoplasm,
the complex formed by Dicer, TRBP, and/or PACT (in humans)
cleaves the loop region of the pre-miRNA. Dicer is recognized as a
"molecular ruler" for its ability to measure 22 nucleotides for cleav-
age. e A duplex of miRNA arms is formed, one of which will be
incorporated into the RISC
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Fig.3 Incorporation of the duplex into the RISC and miRNA-mRNA
target interaction. a The RISC incorporates the miRNA duplex (pre-
miRISC) with the assistance of the chaperones HSP90 and HSC70,
which induce conformational changes in the Ago protein. After the
passenger strand is ejected, it is rapidly degraded, leading to the for-

portion is relatively more stable, the pre-miRNA binds into
the 3" PAZ domain of Dicer and counting initiates from the
3’ terminus with cleavage between 21-25 nt from this ter-
minus. Alternatively, in certain instances where the 5 pre-
miRNA terminus is relatively unstable due to mispairing, the
miRNA is adjusted to the platform domain of Dicer, shifting
the nucleotide counting and resulting in a cleavage point
22 nt from the 5’ terminus (5’-counting rule) (Fig. 2a) [20].
This distinct cleavage system may lead to the generation of
miRNA isoform variants, also known as isomiRs [21, 22].

The product of Dicer cleavage typically results in a
dsRNA molecule with two complementary stands (arms)
and a two nucleotide-long 3’ overhang (Fig. 2e). The arm
typically found in biological samples is referred to as the
“guide strand” or the mature miRNA, while the less preva-
lent complementary arm is called the “passenger strand”
or star strand (miR*) [1, 23]. However, the current trend
is moving away from this nomenclature. Instead, it is now
recommended to use suffixes Sp or 3p [24] to denote miRNA
sequences, indicating their position within the pre-miRNA
structure. For example, a miRNA arm generated from the
5" position of a pre-miRNA is labeled a Sp arm (Fig. 2e).

The next step of miRNA processing involves the
duplex loading into an RNA-induced silencing complex
(RISC) (Fig. 3), resulting in a temporary complex miRISC
(miRNA + RISC) with one or more members of the
Argonaute protein family (AGO). AGO proteins play the
effector function for mRNA silencing.

In animals, different orthologs encode AGO proteins,
which are classified into three groups: AGO proteins, similar
to Arabidopsis thaliana AGO1 which are capable of interact-
ing with miRNAs and other siRNAs, PIWI proteins which
are mainly expressed in the germline to control transposable
elements and maintain genomic integrity through interac-
tion with piRNAs. (PIWI-interacting RNAs; another class
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mation of the active miRISC. b Target recognition by the miRISC
occurs through the identification of the 3’ UTR regions of mRNAs
via MREs (miRNA recognition elements), particularly involving the
complementary region 3 (13-16 nucleotides), but predominantly
through the seed region (2—8 nucleotides)

of small RNA), and WAGO proteins which are ubiquitous
in nematodes [25]. There are two copies of genes encoding
AGO proteins (AGO1 and AGO2) in flies, and there are
4 copies (AGO1-4) in mammals. AGO proteins have four
domains: N, PAZ, MID, and PIWI (Fig. 4). The N-terminal
domain performs duplex unwinding during the RISC load-
ing. The PAZ (Piwi/Argonaute/Zwille) domain recognizes
and binds to the 3' terminal end. Residues located between
the MID (middle) and PIWI (P-Element induced wimpy tes-
tis) domains form a region for recognition of 5’ nucleotides.
In humans, the AGO2 PIWI domain exhibits endoribonucle-
ase activity known as "slicer" function [26-28].

Within the RISC, the loaded miRNA serves as a template
sequence that imperfectly matches to target mRNA 3'UTR
through Watson—Crick pairing. Nucleotides 2—8 located at
5’ termini correspond to the seed region and generally pairs
with more complementarity than the rest of the miRNA [1]
(Fig. 3b). Different miRNA genes can generate mature miR-
NAs with the same or very similar seed sequences (miRNA
families) and it is assumed these miRNAs recognize and reg-
ulate overlapping sets of target mRNAs [29]. There are many
examples of miRNAs that recognize MREs with imperfect
seed pairing [30]. These pairing arrangements often extend
to regions beyond the seed sequence to compensate for mis-
matches in the seed region or even shifting the binding motif
to nucleotides 11-20 located on the nt 3’ portion of miRNA,
despite this pairing structure showing insufficient [31]. Once
the target mRNAs are identified, AGO and other proteins
within the miRISC are responsible for carrying out effector
function leading to translation repression, destabilization,
and eventual degradation of the mRINA targets thereby alter-
ing the RNome. Evolutionarily, target mRNAs recognized by
imperfect pairing can drift allowing non-canonical MREs to
mediate relevant biological regulation [32-34].
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Fig.4 Structures and domains of the Dicer and Argonaute 2 (Ago2)
proteins. a The Dicer structure consists of the following domains:
Helicase, responsible for recognizing and cleaving the loop; DUF238;
Platform, responsible for recognizing the 5’ end of the pre-miRNA;
PAZ, responsible for recognizing the 3’ end of the pre-miRNA; and
the RNase III catalytic domains (RIIIa/RIIIb), which recognize and

MiRNA strand selection mechanisms

Strand selection or arm selection is a nonrandom step of
miRNA biogenesis through which one strand of duplex
is selected for loading into RISC and, in this way, driving
a distinct 5p/3p stoichiometric ratio. The prevalence
and abundance of each arm in a given cellular context is
referred to as arm usage and it has a direct influence on
cell phenotype expression, as changes in the loaded miRNA
sequence lead to alteration in the set of targets. This
highlights strand selection as a context-dependent, biased
process that fine-tunes gene regulation.

As mentioned, only one of the duplex strands is loaded
into RISC. From small RNAseq data, one arm is usually
favored over its complementary strand, generating a 5p/3p
relative abundance ratio. In D. melanogaster, miRNA
loading readily occurs with Agol due to alterations in
positions 9—-10 of the duplex. However, incorporation
of the duplex into Ago2 is possible through the RNA-
Induced Silencing Complex (RISC)-Loading Complex
(RLC) composed of Dicer (Dcr-2) and an accompanying
enzyme R2D2 [35-37]. In C. elegans, loading occurs
through the action of the ALG family (Argonaute-like
Genes) [38]. In mammals, all four members of the Argonaute
family can associate with miRNAs with a preference for
duplexes containing internal mismatches at nucleotide
positions 8—11 [39, 40]. Although different Argonaute family
members exhibit distinct characteristics, there appears to be
no significant difference in miRNA loading activity among
these proteins in mammals [41].
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cleave the regions indicated by red arrows. b The structure of Ago2,
the key component of the RNA-induced silencing complex (RISC),
includes the MID and PIWI domains, whose interface recognizes the
5" end of the guide strand, the N domain, which is responsible for
duplex unwinding, and the PAZ region, which recognizes the 3’ end
of the miRNA. The seed region exposure is highlighted in yellow

The mechanisms that determine strand selection are not
completely elucidated, but evidence suggests that the deter-
mination of which strand is preferentially selected is driven
by the thermodynamics properties of miRNA duplex and the
biogenesis enzymes involved. The consensus is that the two
main properties are: (I) 5’ terminal thermodynamic stability
and (IT) 5’ nucleotide identity. These thermodynamic prop-
erties contribute simultaneously and, following this frame-
work, there are two methods of passenger strand ejection,
either slicer-independent or slicer-dependent [41].

Recent observations have shown cases where the prev-
alence of a miRNA arm does not consistently follow the
established rules, suggesting that additional factors may
influence strand selection. In many cases, mature miRNAs
previously established as the guide strand, either due to
expression prevalence or thermodynamic properties, were
found to not be the predominant miRNA in different tis-
sues. For example, Ro et al. [3] analyzed human miRNA
sequences accessible in the miRBase database and discov-
ered that 75% of miRNAs classified as guide strand (57 out
of 76 pairs) did not match with the expected arm selection
dictated by the thermodynamic rule. They also identified 32
pairs expressed in other species that were not deposited in
miRBase which did not follow this rule. Medley et al. [24]
performed a separate analysis, considering the 5’ nucleotide
identity, and concluded that these two rules alone are insuf-
ficient to determine strand selection. By analyzing miRBase
data of C. elegans, D. melanogaster, and H. sapiens, Kozo-
mara et al. [42] found that more than half of miRNA strand
selection is not explained by any of these collective proper-
ties with between 17 and 25% not explained by any of these
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properties individually. Moreover, there are cases, such as
human miR-34, for which annotations indicate distinct func-
tions for each arm, yet they are expressed in significantly
equivalent 5p/3p ratios in certain tissues [43, 44] making it
difficult to determine which is the guide strand. This shows
that the Sp/3p ratio is not constant and can fluctuate depend-
ing on cellular context [3, 45]. Considering these findings,
the stoichiometric relationship between simultaneously
produced arms, or the context-dependent pattern of miRNA
expression, is often referred to as arm usage. This demon-
strates that the bias in arm selection is not fixed and varies
with the organism's context [7, 8]. Arm usage can vary not
only among different tissues but also the 5p/3p ratio can fluc-
tuate based on cell context, tissue specificity, developmental
stage, sex, environment, and pathophysiological states [3,
4, 46-69]. Additionally, arm usage can be interspecifically
inconsistent, meaning that the 5p/3p ratio pattern can be
different when comparing the miRNA expression profile in
homologous tissues in different species. This is thought to
be a factor involved in the variability of eukaryotic biodiver-
sity of phenotypes [7, 8, 45, 70-75] These findings indicate
that there is an active mechanism for modulating miRNA
expression profiles depending on context. Thus, identifying
the factors and properties that influence strand selection and
arm usage across various contexts is crucial for understand-
ing this mechanism.

Differential strand selection and arm switching

The prevailing view for the past~ 10 years has been that
the so-called “passenger strand” is discarded and immedi-
ately degraded by cell machinery. However, advancements
in high-throughput sequencing have enabled the detection
of passenger strands in tissues, even at low but physiologi-
cally relevant concentrations [3, 23, 76]. Like guide strands,
passenger strands can generate functional mature miRNA
sequences that interact with mRNA targets and promote
silencing [3]. The conservation of passenger strands within
the genome suggests that these sequences play an important
biological role, even if not directly involved in target repres-
sion. If passenger strands were inert, conservation of bases
beyond the terminal sequences would be unlikely [76, 77].
Specific modifications to the wild-type ALG that lead to dif-
ferential strand selection have a more prominent impact on
the biology of the model than the total deletion of its gene,
which underscores the importance of proper arm selection
[78, 79]. This contrasts with initial conceptions that attached
limited importance to passenger strands as these were rarely
detected in biological samples. It is now understood that the
regulatory capacity of miRNAs occurs not only through the
action of the preferentially selected strand, but also through
the set of complementary strands, the relative abundance of

@ Springer

5p/3p arms and its concentration towards the targets in the
tissue in a given context [76, 80].

The variation in patterns of arm usage switching in
response to cellular contexts indicates that strand selection is
driven by processes within the cells that actively regulate the
abundance of miRNAs. Situations have been observed where
this process leads to a total inversion of selective strand
preference, resulting in opposite Sp/3p ratios. Although they
remain understudied, arm switching events are of profound
importance in the evolution and diversification of new
miRNAs and functions in eukaryotes, contributing to the
fine-tuning of phenotype regulation and playing a significant
role in the adaptive processes [7, 81]. Additionally, arm
switching is particularly relevant in early development,
where it refines gene regulatory networks during tissue
differentiation and morphogenesis. Arm switching events
have been observed across a variety of biological processes,
organisms, and tissues (Table 1).

A notable subset of these documented arm switching
events occurs during early development, where shifts in arm
preference refine gene networks in response to differentiation
cues. For example, in Gallus gallus, deep sequencing of
embryonic tissues revealed distinct arm switching events
at different developmental stages, particularly during the
formation of neural and muscular structures [53]. Similarly,
in Bombyx mori, a detailed temporal analysis uncovered
sequential shifts in strand selection during metamorphosis,
indicating that arm usage is adjusted in response to major
physiological transformations [51].

At the tissue-specific level, differential arm selection has
been documented across various vertebrate organs. In Danio
rerio, arm switching events in miRNAs such as miR-202
influence sex differentiation, with gonad-specific shifts in
5p/3p expression regulating key reproductive pathways [55].
In mammals, miR-34 exemplifies how strand selection can
influence tumorigenesis, as its Sp and 3p isoforms regulate
distinct oncogenic and tumor-suppressive pathways [43,
44]. Likewise, in immune regulation, miR-146a exhibits
differential arm usage depending on inflammatory
conditions, with shifts between 5 and 3p strands altering
key immune-related pathways [68].

While these developmental shifts in arm usage shape
early differentiation pathways, post-embryonic arm
switching events further modulate phenotypic expression
in response to environmental and physiological changes.
Beyond these examples, the biological consequences of
arm switching extend to structural interactions within the
RISC complex, affecting how miRNAs recognize and
regulate target genes. This mechanistic interplay is crucial to
understanding the trade-off between complementary strands
and their associated functions.

Arm switching has an important impact on the biology of
organisms because the arms or strands are antisense paired
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in a duplex. For this reason, the seed region, other MREs
and molecular sites do not directly pair (Fig. 4a). During arm
switching, alternative RISC loading can alter the repertoire
of affected mRNA targets and repression or regulation of a
divergent set of genes. This, in turn, can lead to variations
in phenotypic expression [20, 82]. Given the dichotomy of
strand selection (i.e., selection of 5p or 3p by RISC), arm
switching events imply the suppression of certain regulatory
pathways and biological functions in favor of amplifying
others. This suggests a regulatory trade-off between comple-
mentary miRNA strands, where their associated functions
compete in a context-dependent manner. For example, ratio
alterations of miR-155 in humans occur according to the
plasmacytoid dendritic cell (pDCs) activation period. miR-
155 arms have antagonistic effects on cytokine production.
The miR-155-3p strand, previously classified as a passen-
ger strand, shows increased expression upon stimulation of
Toll-like receptor 7 (TLR7) in pDCs, whereas miR-155-5p
is reduced. At 4 h after stimulation, miR-155-3p is highly
expressed leading to the promotion of cytokine expression.
About 8 h later, the 5p/3p ratio inverts, with miR-155-5p
becoming more prevalent and suppressing cytokine expres-
sion [83-85]. The increment of one biological function at
the cost of suppression of another by changes in the rela-
tive expression of a given miRNA arm may confer adaptive
advantages [7, 70]. Therefore, arm switching has evolved
as an endogenous biologic mechanism that allows miRNA
expression profiles to fluctuate dynamically regulating dis-
tinct sets of target mRNAs and biological pathways. This
ensures that organisms maintain fitness across a range of
environmental conditions. However, the molecular processes
underlying the context-dependent regulation of miRNAs
arms remain only partially understood.

Arm switching is considered a comparative phenomenon,
meaning its detection requires an analysis of miRNA
expression profiles in different biological contexts. As a
result, arm switching can be subclassified as (I) Intraspecific,
when differential miRNA arm expression occurs within the
same species, across different tissues or conditions, and (II)
Interspecific, when the differential expression of a miRNA
arm occurs in homologous tissues of different species.

Phylogenetically close species tend to show similarity in
terms of miRNA gene composition but less frequently in
terms of miRNA expression profiles, with this similarity
diminishing as phylogenetic distance increases. Griffiths-
Jones et al. [7] suggested that miRNA expression provides
a mechanism for the emergence of novel phenotypes, which
are then shaped by natural selection. Despite the growing
number of reported cases, there is no accurate estimate of the
overall frequency of arm switching events. However, some
studies have attempted to quantify this process. Kim et al.
[20] used accurate quantification by sequencing (aq-seq) on
15 mouse tissues and 9 human cell lineages, identifying that

approximately 13% of miRNAs (with a standard deviation of
0 <3%) display fluctuations in miRNA arm ratios. Among
D. melanogaster and Tribolium castaneum, the rate of
arm switching is~11% [8]. These data suggest that not all
complementary miRNAs undergo arm switching, indicating
that this process is highly regulated rather than a stochastic
occurrence. As a result, arm switching adds another
dimension of complexity to miRNA expression and function,
influencing evolutionary dynamics by creating an additional
layer of regulatory plasticity. Since the two miRNA strands
compete for RISC loading, each has the potential to regulate
distinct biological functions and undergo independent
selective pressures.

Thus, understanding the mechanisms governing miRNA
arm selection is essential for elucidating how these processes
influence cellular function, development, and evolutionary
adaptation. The following section describes the molecular
and environmental factors that regulate arm selection and
arm switching.

Factors regulating arm selection and arm
switching

Intrinsic to dsRNA
Relative thermodynamic stability of pre-miRNA 5’ termini

Early studies on bias in arm selection sought to understand
this phenomenon on RNAi (RNA interference) molecules.
Intrinsic properties of miRNAs, specifically those of their
precursors pri-miRNA and pre-miRNA, play a crucial role
in the duplex unwinding and its loading into RISC. In 2003,
two studies conducted by Khvorova et al [86] and Schwarz
et al. [87] arrived at similar conclusions when investigat-
ing the physicochemical properties that lead one strand
(i.e. guide strand) to be incorporated into mRNA silencing
complexes while the complementary strand (i.e. passenger
strand) is discarded. Both studies found evidence that the
miRNA strand with less relative thermodynamic stability
at its 5’ terminus (i.e. with less stable hydrogen bounds)
is more common in the guide strand. The proposed expla-
nation for this finding is that the strand with less internal
stability at the 5’ terminus is more likely to be selected by
AGO. A single mismatch within the first four 5" nucleotides
determines guide strand selection [88]. Initial studies indi-
cated that RISC loading in humans does not require ATP
and ATP would be consumed by a hypothetical helicase
[89, 90]. However, experiments performed by Kawamata
and Tomari research group found that fly and human AGOs
indeed require ATP for miRNA duplex loading, but not for
unwinding nor passenger ejection [89-93].
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From this, the question arises: where does the energy for
unwinding could come from? The Rubber Band model states
that chaperones Hsc70/Hsp90 forcefully adjust the AGO
conformation, with energy expenditure that is transferred
and stored to an enzyme like rubber bands, thus allowing
duplex loading into RISC despite it generating a structural
tension inside the complex [93, 94]. In this instant, the com-
plex is known as pre-miRISC as it is a temporary struc-
ture that contains two miRNA strands. The tension within
the molecules provides the action of wedging the duplex
by the AGO N domain and consequently ejecting the less
interacting strand, the passenger strand. Hence, the ten-
sion release returns AGO to its more stable conformation
ATP independently. This postulate is according to the idea
that the guide strand has more binding stability with the
MID and PIWI nucleotide-binding pockets of AGO. This
thermodynamic affinity contrast between the strands, com-
bined with AGO conformational changes from less stable
to more stable results in ATP-independent passenger strand
ejection. A critique of this model is that AGO should not
be compared to a real rubber band as it is not capable of
storing potential energy due to its structural properties; this
competence is associated with chaperones. Given these criti-
cisms, a new and revised model has been called the Energy
Slope model. This model proposes that RISC duplex loading
and passenger ejection "rolls down" an energy slope from
the RNA-free state of AGO (unstable) caused by chaper-
ones, to the double-stranded RNA-bound state to the sin-
gle strand RNA-bound state (stable) (Fig. 4a [93]. The role
of chaperones in this model is to modify the structure of
AGO in an ATP dependent manner to an active and flexible
state. This lowers the activation energy required for miRNA
duplex loading. This activation energy is relatively low for
the yeast Kluyveromyces polysporus KpAgo and Ciliate Tet-
rahymena Twilp, which can adopt the active conformation
without the help of chaperones [95, 96]. In this situation,
passenger strand ejection would be explained by wedging
the duplex hydrogen bonds starting by the 3’ guide strand.
At this point, duplex unwinding is slowly started by mis-
matches within seed region or the 3’ supplementary bond
region. Single amino acid substitutions on MID, PIWI of
ALG-1 C. elegans models promote differential selection for
some miRNAs [97].

Central mismatches within duplex

Mismatches in miRNA duplexes are common [89] and are
directly related to thermodynamic stability due to differences
in hydrogen bonding between paired strands. Central
mismatches are a prerequisite to duplex loading into D.
melanogaster AGO1, however, this may be restricted to a
species or group due to RNAI sorting preferences between

@ Springer

dme-Agol and dme-Ago-2. The same applies between
ALG-1 and ALG-2 of C. elegans. Inserting mismatches at
positions 12—15 of the guide strand facilitates unwinding
and leads to "inverted asymmetry selection" by fly Agol
[89]. Okamura et al. [40] suggested that dme-Agol selects
so-called miR while dme-Ago2 selects miR*. Both enzymes
act in parallel in miRNA arm generation. However, as far as
is known, these findings have not been reproduced.

The RNAI sorting mechanism is apparently less rigorous
in humans and other animals. Mismatches are important for
strand ejection in AGO with reduced or absent slicer activ-
ity. Inserting mismatches in the central or 3’ complemen-
tary positions of guide strands promotes strand selection and
unwinding (i.e. increased guide strand production) [35, 40,
89, 91]. These results suggest that, at least in part, overall
duplex stability is important for strand selection, but it is not
the only property assessed by AGO for strand selection but
also includes stability inside the center of the duplex and 5’
terminal identity [45, 79]. However, besides the apparent
lack of a sorting system of siRNAs for the four mammals
AGO family members, central mismatches do not seem to
have an apparent effect on arm selection in this group. Nev-
ertheless, mismatches in the seed region (2-8nt) and the 3’
complementary region (12-15nt) facilitates unwinding for
AGO 1, 3, and 4 which have a lack of catalytic activity (N
domain).

Exposure and identity of terminal 5' nucleotide

The RNase III domain in AGO proteins typically cleaves
double-stranded RNAs (dsRNA) leaving 2 nt 3’ overhangs
that expose the 3’ terminal hydroxyl and 5’ phosphate groups
[17]. The AGO MID domain recognizes the phosphoryl-
ated 5’ terminus of the guide strand, which is considered a
prerequisite for miRNA-RISC assembly. The MID domain
of the human, mouse, fly, nematode and Arabidopsis Ago2
exhibited a preference for U or A 5' terminal nucleotides.
Additionally, it is believed that AGO would have a sorting
system that correlates 5’ nucleotide identity with affinity to
AGO, where affinity to U nucleotides is usually higher, A
or C nucleotides that sometimes appear with greater affinity
than the other and G nucleotides has the lowest affinity [20,
98-100]. Consistent with this, guide strands display an uracil
bias at their 5’ termini, whereas passenger strands exhibit
a 5' terminal cytosine bias. Despite that, the 5" terminal
region of more expressed strands often shows an excess of
pyrimidines (U and C) indicating that various factors may
be associated with the selection of distinct miRNA strands
[45, 99, 100]. Suzuki et al. [41] identified which nucleotides
contributed the most to strand selection. The outcomes reaf-
firm what was established: U, A, G, C from most to least
favorable, with greater relative intensity for the first two.
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Experiments conducted by Okamura et al. [40] suc-
cessfully reversed the arm selection by Agol in flies, i.e.,
arm switching, by changing the terminal 5’ nucleotide to
'U' in the passenger strand. Interestingly, Young et al. [101]
published an article demonstrating the inversion of strand
selection preference from 3 to 5p of miR-140 exclusive to
chondrocytes, termed stoichiometric reversion. This result
was achieved by introducing C — U mutations on the last 5’
nucleotide of the 5p strand (passenger strand) and UA — CG
mutations on the same site on the 3p strand (guide strand).
This experiment is consistent with the aforementioned sort-
ing pattern, and these findings confirm the premise of the
duplex sorting model, at least partially.

Determining how decisional the MID domain affinity
sorting system is difficult without isolating this variable
from others, including thermodynamic stability and the
variety of AGO paralogs. In vitro experiments demonstrate
that blocking 5’ phosphorylation of the guide strand of arti-
ficial dsRNAs leads to passenger strand loading into RISC,
despite stable thermodynamic asymmetry caused by artifi-
cially designed mismatches [102].

Overall, these findings indicate that a sorting system for
5' terminal nucleotide selection points to an arm selection
mechanism and can compensate for undue inversion of arm
selection (Fig. 4) [35, 79, 100]. However, the identity of
the 5’ terminal nucleotide alone cannot serve as a definitive
determinant for the guide strand. Furthermore, this model
has limited capacity to elucidate the mechanisms underlying
arm switching. Given the significance of this sorting system,
it is evident that it functions concurrently with other factors,
the most prominent of which is the aforementioned thermo-
dynamic stability rule.

Twin-drive model

As we advance in understanding miRNA arm selection, it
becomes increasingly evident that this process is likely the
result of multiple coexisting mechanisms that, together, may

Fig.5 Twin drive model: This
model was developed to explain
the coexistence of thermody-
namic stability rules and 5'
terminal identity in strand selec-
tion. The MID domain of Ago
is proposed to contain sensors
capable of recognizing duplex
stability through the phosphate
backbone, represented by the
"P" circle, and sensors that

identify the nucleotide identity Hypothe‘“ca[ Sorting
at the 5’ end. Additionally, .

the base preference hierarchy 5' nucleotidic

for Ago i ted to b

Do AS oo preference by AGO

account for the entirety of the phenomenon. Hu et al. [45],
aiming to evaluate the determinant factors regulating strand
selection in humans, analyzed 895 miRNAs with differen-
tial arm expression from 1:10 fold upregulation. They found
that 103 miRNAs (11.5%) did not show any thermodynamic
or nucleotide identity properties to explain strand selec-
tion. Nevertheless, as the abundance ratio increases (max.
1:1000), other properties related to 5’ nucleotide identity
gradually become more prominent.

Suzuki et al. [41] proposed the “Twin-drive model” to
explain how the terminal thermodynamic asymmetry rule
and 5’ nucleotide identity rule can coexist and how they
superposition. In this model, the authors stated that the
MID domain of AGO is composed of two superimposed
sensors or recognition sites: a G drive (referring to Gibbs
free energy) for identification of the phosphate on the RNA
backbone and an N drive (referring to Nucleobase) for iden-
tification of nucleotides (Fig. 5). The G drive, composed
by phosphate-binding pocket, is proposed to be capable of
sensing thermodynamic stability within the duplex through
interaction with terminal phosphate and it is responsible
for the thermodynamic asymmetry rule. According to the
authors, the phosphate-binding pocket serves as a tract that
steadily guides the RNA duplex backbone toward the MID
domain, enabling the detection of collateral internucleo-
tide interactions and negatively selects stable ends. The N
drive would be responsible for the 5’ nucleotide identity rule
through the nucleotide-selection loop of the MID domain.
To evaluate this hypothesis, a set of human Ago2 mutants
was analyzed together with pri-miR-154, whose arms are
equivalently selected, but, the Sp arm is favorable for selec-
tion by nucleotide identity and the 3p arm has properties to
be selected by the thermodynamic rule. They found that the
5p/3p ratio increased or decreased corresponding to the posi-
tion of the mutation—mutations in the phosphate-binding
pocket attenuates the thermodynamic sensor and mutation
increases the ratio in the nucleotide-selection loop. Addi-
tional miRNAs with asymmetric expression profiles were
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analyzed in this analysis too. Also, observation that essential
amino acids for sensoring are conserved across four mam-
malian Ago, suggesting similar properties of selection. The
authors further pointed out that this model describes how
relative thermodynamic asymmetry alone does not explain
the strand selection mechanisms and that non-passive pro-
cesses contribute to strand selection.

The twin-drive model not only provides a mechanistic
framework for understanding how thermodynamic stability
and 5' nucleotide identity influence miRNA strand selection,
but it also has significant evolutionary implications. While
this model explains key aspects of miRNA processing, its
evolutionary relevance remains an area of ongoing investiga-
tion. Comparative genomic studies suggest that variations in
AGO proteins across species may influence strand selection
preferences, potentially leading to lineage-specific miRNA
regulatory adaptations. For example, research in C. elegans
has demonstrated that miRNA strand selection and sorting
are linked processes, shaped by the differential loading pref-
erences of AGO proteins [78, 79]. These findings indicate
that natural selection may have acted on AGO’s ability to
discriminate between miRNA arms, refining strand selection
mechanisms over evolutionary time. However, further stud-
ies are needed to determine whether these differences reflect
adaptive changes or neutral divergence in AGO function.

The model is consistent with observed patterns of miRNA
arm switching across taxa, where certain miRNAs undergo
arm switching in some species but not in others [8, 10].
These differences may be associated with evolutionary mod-
ifications in AGO affinity for specific 5’ nucleotides or the
thermodynamic stability of miRNA duplexes. Such changes
could enable species to modulate miRNA regulatory activity
in response to environmental pressures, though additional
experimental validation is required. Additionally, the co-
evolution of miRNA gene duplication and arm switching
may be influenced by mechanisms predicted by the twin-
drive model. Newly duplicated miRNAs can undergo modi-
fications in their 5’ stability or nucleotide identity, leading
to shifts in strand selection [60, 103]. This process may

Fig.6 IsomiRs. a Differential a
cleavage, represented by red and

pink arrows, can cause changes

in the size and nucleotide

sequence of miRNAs. These P <
variants are called isomiRs. A =

b The diagram shows the =
formation of different types ( >

of isomiRs, categorized as

templated and non-templated.
This image also highlights the
displacement of the seed region
(seed shifting) due to differen-
tial cleavage
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facilitate functional diversification between paralogous
miRNAs, as observed in vertebrates and arthropods, where
duplicated miRNAs exhibit distinct strand preferences [8].
However, direct evidence linking these evolutionary shifts
to selection pressures on twin-drive sorting mechanisms
remains limited.

By integrating these findings, the RISC twin drive model
serves as a useful conceptual tool for exploring miRNA
evolution, particularly in relation to strand selection and
regulatory diversification. Nonetheless, additional functional
and evolutionary studies are necessary to determine
the extent to which selection pressures have directly
shaped miRNA sorting mechanisms across different taxa.
Furthermore, there is still much to investigate regarding how
the cellular machinery can respond to context, inducing arm
switching. We have evidence that other cellular processors,
in addition to RISC, act upon miRNA precursors, and these
processing can affect arm switching and RNA interference.
As research advances, the twin-drive model is likely to
continue evolving, incorporating new insights into the
intricate balance of miRNA regulatory mechanisms and their
evolutionary consequences.

Extrinsic to dsRNA
Differential terminal cleavage

Considering that proper strand selection depends on the
properties of the terminal nucleotides, precise cleavage of
the strands becomes important. Occasionally, the enzymes
responsible for cleavage, Drosha and Dicer, do not always
generate consistent cleavage patterns, which occasionally
leads to changes in the final product and global interaction
with mRNA repression machinery. These alterations have
been observed to be relevant in biological processes. The
identity of a mature miRNA can vary due to a mutation
(indel and substitution) of a single base in its sequence. In
this scenario, miRNA variants can be produced from the
same gene leading to what are called miRNA isoforms,

b

canonical miRNA arm precursor
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better known as isomiRs [21, 22] (Fig. 6). IsomiRs are
canonically annotated miRNA isoforms that exhibit hetero-
geneous lengths and/or sequence discrepancies (Fig. 6b).
They exhibit diverse expression patterns in various biologi-
cal contexts. IsomiR diversity has been cataloged, not only
between cellular lineages and tissues but also between spe-
cies, with evidence of the functional and evolutionary sig-
nificance of miRNAs in adaptation [20, 57, 81, 104]. The
diversity of isomiRs is fundamentally linked to miRNA reg-
ulation processes, such as target identification, modulation
or dysfunction of expression of the cellular targets.

In the case of isomiRs generated during biogenesis by
Dicer or Drosha imprecise cleavage, the shortening or
lengthening of pri-miRNA or pre-miRNA is the main con-
sequence of differential cleavage. Additionally, the function
of exoribonucleases (such as Nbr and exosomes) can also
result in the formation of miRNAs through shortening of the
ends. Conversely, through the process of RNA tailing, poly-
merases can add adenine (adenylation) or uracil (uridyla-
tion) monomers to increase 3’ ends, thus elongating strand
lengths. Depending on these processes, isomiRS are known
as 5" or 3’ based on the portion modified, and as 5'+ 3’ when
the added bases occur at both terminals. These isomiRs cor-
respond to a genomic sequence and are thus referred to as
templated isomiRs. Non-templated isomiRS or polymorphic
isomiRs are rarer (< 1%) and depend on post-transcriptional
nucleotide modifications, commonly mediated by ADAR
enzymes, which will be mentioned later [21, 105, 106].

5" isomiRs exhibit a shift in the start of the sequence,
altering the start of the seed sequence (Fig. 6b) [105, 107,
108]. This phenomenon is known as seed shifting [81, 107].
When this occurs, cellular function can be impacted due to
the altered target repertoire. However, 5’ isomiRs are rarer
than 3’ isomiRs, likely due to a negative pressure on these
variants to favor the maintenance and stability of cells [109].
Nevertheless, natural selection may favor sets of isomiRs
based on seed shifting, gradually making one arm dominant
over its counterpart, as identified in different species with
varying degrees of relatedness [8, 81, 107].

3’ isomiR variants are more commonly detected in
sequencing and also exhibit greater variability. These also
play an important role in biological modulation, as altering
the length of the sequence or the overhangs at the miRNA
termini, or even the identity of the terminal nucleotide, can
affect both the relative thermodynamic stability and the iden-
tity of the miRNA termini. To elucidate this issue, Lee and
Doudna [110] conducted experiments using two isoforms
of miR-200 derived from Dicer cleavage or Dicer associ-
ated with its TRBP enzyme, which were 1 nt longer at the 3’
terminal for the 5p arm and 1 nt longer at the 5' terminal for
the 3p arm. They found an increased 5p/3p ratio in the iso-
form generated solely by Dicer. This indicates that isomiR

formation can alter RISC selectivity of each arm and induce
arm switching. The same research group replicated these
findings in 2015 and found that 13% of miRNA duplexes
analyzed display alternate arm selection in the absence of
TRBP and PACT cofactors [111].

There are reports that Dicer is dispensable for asymmetric
RISC loading, as previously evidenced [112]. For miRNAs
with unfavorable terminal nucleotide identity (G) and
mismatches in terminal and central regions, the presence
of the Dicer/PACT or TRBP complex may be necessary,
depending on the secondary structure of the duplex. Human
AGQO?2, in these experiments, was able to select the guide
strand alone, but the actions of Dicer, TRBP and PACT were
also necessary to direct strand selection, termed the RISC-
loading checkpoint by the authors.

As with mature miRNA nomenclature, isomiRs usually
annotated as canonical are not necessarily the dominant
form [113, 114]. The processes of isomiR formation share
similarities with the contextual change in miRNA expression
profiles, integrating mechanisms of epigenetic flexibilization
in phenotype expression. In the context of strand selection,
isomiRs demonstrate an important role in the loading
and selection of the strand by RISC. Consistent with this,
Guo et al. [109] used expression profile data to compare
expression levels of different isomiRs and identified
expression patterns between arms and constant isoforms
in different samples. The authors noted that functional
pressures, especially in pathological conditions, have a
relation to changes in expression profiles. This indicates,
once again, isomiR expression diversification is not random
and corresponds to context. The authors attribute the
arm switching phenomenon to modulation of expression
profiles between different isomiRs. Thus, the ability of an
organism to produce different isomiRs and the alternation
of dominance between these variants or between sets of
variants of the complementary arm are additional resources
that influence arm switching. Therefore, it can be stated that
differential cleavage, isomiR production, and strand selection
intertwine as mechanisms that can promote the plasticity of
phenotype expression. However, better elucidation is needed
to gain a deeper understanding of how these phenomena
interact, the form and degree of this interaction, and the
underlying elements that dictate their processes.

MiRNA tailing

RNAs usually require posttranscriptional processes that
regulate and ensure proper expression of its products. The
terminal structure of an RNA is crucial for determining its
purpose and viability. Various classes of RNAs, including
miRNAs, have extra nucleotides added post-transcriptionally
at its termini by nucleotidyltransferase enzymes (TENTS),
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Fig.7 miRNA tailing process.
a The miRNA precursor under-
goes the addition of uridine
nucleotides at the 3’ ends
(uridylation) via TENT (nucle-
otidyltransferase enzymes). b
Depending on the number of
nucleotides added, templated
isomiRs are formed. There are
two main outcomes: ¢ tagging
of the precursor and miRNA
for subsequent degradation, or
d differential interaction with

5

2nt overhang

3

TENT

the enzymes Drosha, Dicer, and I
Ago due to terminal thermody-
namic modifications

Pre-miRNA
poli-uridilated

O]]]Hu]]II-IUUUU

OH]]II]]]IUU Templated isomiR

Pre-miRNA Changes in terminal
mono-uridilated thermodynamic properties

Y

Pre-mIRNA
degradation

primarily at the 3’ ends [115] (Fig. 7). In most known cases,
the added nucleotides are adenines, through the process of
adenylation catalyzed by Poly(A) polymerases (PAPs), or
uridines, added via uridylation, catalyzed by Terminal Uri-
dyltransferase (TUTases) or poly(U) polymerase enzymes.
This feature, known as RNA tailing, is common and widely
conserved in eukaryotes [60, 116]. RNA tailing has already
been described as involved in different biological pathways,
ranging from protecting extremities to marking RNAs for
subsequent degradation by ribonucleolytic enzymes (Fig. 7).
Mature miRNA tailing can affect target repression since ade-
nylation or uridylation expands target recognition or shifts
seed position. Nevertheless, RNA Tailing may participate in
the process of arm selection and arm switching.
Adenylation during pri-miRNA transcription occurs as
usual in polymerase 2 products. Nonetheless, uridylation
comes into focus, as posterior adenylation is less common in
miRNAs precursors. Uridylation primarily influences its fate
and strand selection at the pre-miRNA stage, following Dro-
sha cleavage. Cleavage of pri-miRNA by Drosha typically
results in pre-miRNAs with a 2 nt overhang at the 3’ position
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(group 1 miRNAs). The subsequent recognition by Dicer
in the cytoplasm requires the presence of this overhang. If
Drosha cleavage results in an unusual miRNA with 1 nt 3’
overhang (group 2 miRNAs), it may prevent recognition or
reduce Dicer efficiency due to being a suboptimal substrate.
Nevertheless, Posttranscriptional uridylation can “correct”
the miRNAs terminal length. TUTases, specifically TUT4
(also named Zcchcl1), TUT7 (also known named Zcchc6)
and in vitro cases TUT2 (also named Gld2 or PAPD4. It
remains uncertain whether its effect is due to adenylation or
uridylation) intervene in group 1l miRNAs an it outcomes
in templated isomiRs with 2nt overhang [60, 105, 116, 117]
(Fig. 7). For example, using pre-let-7 isomiRs as a model,
it has been shown that TUT4/7/2 promotes uridylation on
group 11 let-7 members in absence of pluripotency factor
Lin28. Uridylation can fine-tuning of let-7 miRNA family
expression depending on cellular context: mono-uridylation
can enhance Dicer processing while poly-uridylation medi-
ated by Lin28 inhibits [118-120].

Dicer “molecular ruler” function can be affected by
alteration in the size of precursors due to uridylation at
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pre-miRNA stage. Additionally, insertion of 3" uridine can
impact the duplex terminal thermodynamic stability and
exchange the terminal nucleotide identity. (Fig. 7). This
raises the question of whether uridylation could be a pro-
cess that leads to arm switching. To investigate this, Kim
et al. [20] conducted experiments using the conserved mam-
malian miR-324, which exhibits intertissue arm switching.
The canonical arms of miR-324 have distinct and possibly
antagonistic biological functions in mammals: miR-324-3p
becoming overexpressed in carcinoma progression. Fur-
thermore, it was observed that the levels of TUT4/7 is rela-
tively low in tissues, but increased in glioblastomas. This
suggests that expression of these TUTases promotes miR-
324 uridylation and, consequently, induces the arm switch-
ing. Experiments revealed that mono- or oligo-uridylation
(approximately 4+ 2 nt) at the 3’ end of pre-miR-324 elongates
the strand, leading to its repositioning within Dicer. This
repositioning alters the interaction with the PAZ and plat-
form domains, which recognize the 5’ end, reducing their
efficiency. As a consequence, the dsSRNA binding domain
(dsRBD) of Dicer can more effectively position the pre-
miRNA, causing a shift in the 'molecular ruler' and altering
the nucleotide counting starting point, ultimately changing
the pre-miRNA cleavage site. (Figs. 3, 7). In other words,
uridylation by TUT7/4 alters the miRNA-Dicer interaction,
potentially inducing arm switching, which in the case of
miR-324, may contribute to glioblastoma formation. TUT-
ases are differentially expressed in tissues or during develop-
ment and are more expressed in development and some can-
cers and other disorders, as described [6, 20, 60, 121, 122].

With RNA tailing mechanism, TENTSs have the potential
to act as the Sp/3p ratio or arm usage controller. With
evidence that expression of TUTases, especially TUT7,
TUT4 and TUT2, add nucleotides to miRNAs, Dicer
differential interaction and cleavage form different isomiRs
that eventually induces context-specific arm switching or
isomiR expression. In both cases, uridylation can influence
the RNome expression profile.

This suggests that arm switching is strongly influenced by
extrinsic factors beyond the enzymes or miRNAs themselves.
Similar to how lin28 indirectly regulates certain members
of the let-7 family, other unknown factors may modulate
arm usage and induce switching in various miRNAs upon
expression. However, further studies are needed to clarify
the extent and mechanisms through which specific factors or
contexts drive arm switching. This hypothesis is plausible, as
miRNA strand selection likely integrates within a complex
cellular framework that synergistically regulates miRNA and
RNA expression. Given their roles as post-transcriptional
length and terminal modifiers, TENTs (TUTases and
PAPases) warrant further investigation in this process.

Edition of miRNAs by nucleotide substitution

Non-templated isomiRs are those with single nucleotide
variations compared to the parental transcript. This is due
to post-transcriptional RNA editing that replaces nucleotides
in transcript sequences. RNA editing is an epigenetic
regulatory mechanism that has gained increasing attention,
although their biological significance is under investigation.
The main enzymes responsible for editing dsSRNAs are the
ADARs (Adenosine Deaminases Acting on RNA), a highly
conserved enzyme family in animals [123]. They catalyze
deamination reactions, converting adenosine to inosine
(A — 1 editing). This process is considered sequence editing
because the translation machinery interprets inosine derived
from adenosine as guanine paired with cytosine, which
may lead to codon change [123]. Additionally, the AID/
APOBEC enzyme family (Activation Induced Cytidine
Deaminases/ Apolipoprotein B mRNA Editing Enzyme
Cytidine deaminases) promotes C — U editing. However,
APOBEC family enzymes edit preferentially single stranded
RNAs (ssRNAs) and are mainly expressed in immune cells.
Despite miRNA editing through APOBEC was suggested
by bioinformatics prediction, there is a significant lack of
studies on the prevalence and implications of this enzyme
family upon miRNAs [124].

MiRNA editing can encompass a range of biological
processes and profoundly influence their biogenesis. These
enzymes can bind to dsRNAs during any step of miRNA
biogenesis step (i.e., acts upon pri-, pre-miRNA, duplex and
mature miRNA.) ADAR-mediated miRNA editing mostly
results in impaired miRNA biogenesis [123]. However, it
is uncertain whether this represents the core functional role
of ADAR in miRNA regulation. Notably, the capacity of
ADAR to bind dsRNA enable a diverse array of biological
functions, for example, ADAR can form complexes with
Dicer that quadruple its miRNA processing speed to
promote miRNA loading into RISC [123, 125] ADAR-
mediated miRNA editing can alter the repertoire of miRNA
targets, particularly when editing occurs in the seed region,
as seen in miR-455-5p, which is linked to human melanoma
progression [126]. The same occurs in the case of miR-
376a-5p [102] or miR-411, where seed region diversity
was described to interact with the differential cleavage
mechanisms already described. Additionally, editing affects
the weakening of MRE recognition, as reported for human
miR-376, miR-22, and miR-191, reducing their silencing
efficiency [128].

Data obtained by Kawahara et al. show that about 16%
of pri-miRNAs in the adult human brain undergo ADAR
miRNA editing [129]. 40% of miRNAs in vivo have their
level altered in C. elegans ADAR1 and ADAR?2 mutants
compared with wild-type [130]. Warnefors et al., in their
2014 study [106], found evidence that site-specific miRNA
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editing (i.e., occurring at the same nucleotide positions) is
evolutionarily conserved, identifying numerous conserved
editing events in mammals and different vertebrates,
suggesting that miRNA editing is not random free from
selective pressure, but represents a controlled mechanism
that favors increased miRNA functional diversity.
Additionally, less than 5% of sites are significantly editing
levels, indicating that it is a rare and possibly inconsistent
event. Furthermore, the biological significance of this
is uncertain [131]. Versely et al. found that 64% of
miRNA edits in the mouse brain occur in the seed region.
Similarly, Warnefors et al. [106] found that 73% of
edits in their study were in the seed region analyzing 5
mammals and chicken. Furthermore, Nigita et al. [132]
identified 83% of edits in the seed region under hypoxic
conditions in a breast adenocarcinoma cell line, indicating
that miRNA editing is again a non-random mechanism of
cell regulation [106, 124, 132, 133]. This suggests that
miRNA editing events are under stabilizing selection, as
uncontrolled it would lead to miRNA dysfunction.

These processes can create a mismatch effect due to
thermodynamic changes in the precursor molecule. Conse-
quently, miRNA editing can directly contribute to a fluc-
tuation and balance of thermodynamic asymmetry between
the termini and, which may also impact RISC selectiv-
ity [125, 134]. Thus, miRNA editing can influence the
thermodynamic stability of the precursor. For example,
pri-miR-367a-1 editing at position+ 4, conserved across
various primate tissues, increases RNA stability, presum-
ably disfavoring the selection of the S5p arm in this context
[135]. Considering the factors discussed here that influence
strand selection, increased stability at one terminus favors
the selectivity of the other terminus, thereby increasing or
decreasing the Sp/3p ratio or arm usage. Finally, it is worth
noting that no studies or cases were found in the examined
literature indicating that miRNA editing occurs at the ter-
minal nucleotide position (neither at the 5" nor the 3’ end)
or that it influences strand selection or arm switching based
on terminal nucleotide identity.

Deletion of the ADARI gene leads to variation in
concentration or arm usage in various miRNAs [124, 136].
Despite that, no direct expression comparison between arms
from the same precursor has been conducted to infer arm
switching. Li et al. [137] established a correlation between
editing values in an index they called PMD (pri- versus
mature divergence), finding a correspondence between the
level of editing and mature miRNA abundance. Using this
approach, they found that edits on one arm promote the
production of the complementary arm, depending on the
miRNA and the editing site. To test this, they analyzed adult
brain samples from wild-type and ADAR1—/— mutant mice
and detected significant 5p/3p ratio variation. This suggests
that editing may influence arm switching in vivo.
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MiRNA editing is a post-transcriptional regulatory
mechanism that works in conjunction with miRNA target
regulation. It is worth pointing out that epigenetic regulatory
processes can overlap, as exemple, miR-1 in mouse embryos
can act upon ADAR mRNA silencing expression [138]. Or,
in the particularly interesting case of the miRNA encoded
by the Epstein-Barr virus genome (EBV) miR-BART6-5p,
which specifically targets human Dicer mRNA (acting
as RNAIi), presumably reducing the immune response
and maintaining the infection latency state. Additionally,
miR-BART6-5p undergoes A-to-I editing resulting in the
inhibition of loading onto RISC and activating lytic state.
Nishikura [123] have suggested that this editing may have
evolved with an immune-regulatory function on EBV.

Despite the influence of miRNA editing on the
thermodynamic properties and architecture of miRNA
precursors and, at least in arm usage, much remains
unknown about the underlying influencing factors and
contribution of miRNA editing factors. Further research
is necessary to better understand how these modifications
integrate into miRNA biogenesis and expression, as well
their potential role in driving arm switching.

miRNA competitive inhibition through transcriptome

It is known that the processes underlying miRNA-induced
target repression involve recognition through base-pairing
of miRNAs with their targets. Conversely, it is reasonable
to state that RNAs containing MREs might interfere with
miRNA target acquisition through the RNAi principle
and thus impact the 5p/3p ratio of these molecules. The
competing endogenous RNA (ceRNA) hypothesis [139-141]
proposes that IncRNAs (long non-coding RNAs), circular
RNAs (circRNAs), pseudogene-transcribed RNAs, and
cognate mRNAs can, in contrast to miRNAs, positively
regulate target genes through competitive inhibition of
miRNAs. The introduction of this concept were called
"miRNA sponges" that are artificial RNAs (introduced or
transgenic) acting as competitors to endogenous miRNA/
siRNAs that attenuates, even inhibit their activity by
sequestering them [142, 143]. Through this sequestration
capacity, miRNA sponges can limit the activity of specific
miRNAs. Subsequently, this process, in which miRNA
targets can trigger the degradation of these miRNAs, was
termed Target RNA-directed microRNA degradation
(TDMD) [144, 145]. The possibility that various
transcriptome molecules can affect miRNA availability by
acting as sequestrators has generated considerable interest.
Over the past decade, studies have suggested that certain
endogenous, artificial, or viral IncRNAs within cells
might exert this miRNA inhibition effect [144, 146—-149].
These competing RNAs, mostly IncRNAs, are antisense
oligonucleotides complementary to endogenous miRNAs
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and are referred as antagomiRs or anti-miRs. The ceRNA
hypothesis postulates a stoichiometric competition among
MRE:s in the transcriptome for miRNA binding. Thus,
miRNAs can pair with a network of target IncRNAs
through MREs (the ceRNAs) and vice versa. In this way,
the transcriptome can establish a network of recognition
and synergistic regulation with one or more target miRNAs.
AntagomiRs can establish a differential binding architecture
between ceRNAs and miRNAs, competing with Ago
for binding this competition reduces the stoichiometric
availability of miRNAs, thereby diminishing their regulatory
activity. As a consequence, in scenarios of extensive ceRNA
competition, mRNA targets would have a higher chance of
translation.

However, the real effect of ceRNAs in inducing TDMD
is viewed with skepticism, as the expression of a ceRNA
constitutes only a small fraction of the target repertoire.
High expression of a single ceRNA may have a minor effect
on miRNA repression and is possibly physiologically rare.
One highlighted reason is the lack of highly complementary
material to miRNAs in metazoan genomes, and the induction
of ceRNA-involving mechanisms does not lead to miRNA
elongation and degradation, which is required for better
TDMD efficiency [145]. Studies controlling ceRNA levels
in vivo indicate that to assert some level of influence on
miRNA activity, the target miRNA concentration needed
to be equimolar and far beyond physiologically plausible
concentrations, at least for highly expressed miRNAs [150,
151]. This is because ceRNAs can establish TDMD only
through miRNA sequestration, with their concentration
being the only effective influencing factor. The controversy
surrounding the ceRNA hypothesis involves the idea that if
ceRNA regulatory effects were a driving force in miRNA
expression regulation, a single target would represent
only a small fraction of the miRNA target repertoire and
thus be indistinguishable in its level of influence. The
mechanism of miRNA repression by targets emerges from
the cytoplasmic transcript pool and the conformation of the
miRNA-target binding architecture. Moreover, experiments
in viral models with mutations or the removal of MREs from
artificial targets showed that miRNA regulation could still
be observed [150, 152].

This dynamic of TDMD regulation and degradation
affects miRNA levels. However, it is suggested that this is
not an emergent effect of the total cytoplasmic transcriptome
but is triggered by specific RNA molecules that recruit the
cellular machinery for the tagging and degradation of spe-
cific miRNAs [145, 149]. Greater complementarity with the
miRNA and encompassing the target's 3’ region, appears to
be a requirement for TDMD. Ameres et al. observed that
drosophila miRNAs sometimes show extensive complemen-
tarity to target mRNAs [144]. When exposed to artificial
miRNAs with extensive complementarity, their efficiency

is reduced, and the miRNAs are decoupled from RISC or
degraded, in the case of AGO2 [145, 153]. This extended
complementarity is generally the cause of the loss of regula-
tory capacity of miRNAs, as it is believed to initiate signal-
ing and degradation mechanisms (by terminal nucleotidyl-
transferases—TENTs and by ribonucleases, respectively,
as mentioned above) or, at least, promote the unloading of
miRNAs from Ago, leading to their independent degrada-
tion [144, 154—-156]. Therefore, TDMD is not about repress-
ing miRNA activity by interfering with their biogenesis or
AGO affinity but rather by the availability of strands in the
cytoplasmic transcriptome pool. Thus, it is assumed that this
can interfere with the Sp/3p ratio adjustment, not by their
concentration per se, but by the functionally available 5p/3p
strand ratio, meaning strands not sequestered and thus free
to perform their regulatory roles. Hence, TDMD indicates
that, without necessarily altering transcript templates, shift-
ing miRNA precursors, interfering with cleavage patterns or
AGO strand preference, it is theoretically possible to induce
arm switching—or analogous effect in the practice—solely
through miRNA sequestration.

If TDMD occurs endogenously, it likely operates through
multiple pathways, with thermodynamic properties playing
a crucial role in guide strand selection. Additionally,
homologous long non-coding RNAs (IncRNAs) have
been shown to perform conserved functions [157-159]. If
IncRNAs consistently mediate TDMD, miRNA regulation
through this mechanism may represent an evolutionarily
conserved trait. However, many aspects of TDMD remain
uncertain, requiring further investigation into its biological
significance and regulatory complexity.

MiRNA gene duplication

Each miRNA arm is typically associated with distinct and
often independent biological functions compared to its
complementary arm. Marco et al. [2] demonstrated that
mature miRNAs from humans and flies generated from
the same precursor have significantly different target sets
and are linked to distinct biological processes. This trade-
off does not necessarily imply that the functions associated
with different arm expression profiles cannot coexist within
the cellular infrastructure. However, this coexistence arises
despite the mRNA silencing machinery responding to the
selection factors previously mentioned, which tend to be
similar in paralogous genes [81].

The evolutionary process that would allow the
concomitant expression of phenotypes associated with both
complementary arms is gene duplication. Indeed, paralogous
miRNAs tend to produce functional miRNAs from the same
arm [8]. Despite this, arm switching between paralogous
miRNAs, where each copy expresses a different arm, has
been observed. For instance, in Griffiths-Jones et al. [7],

@ Springer



197 Page 18 of 23

D. Pinhal et al.

among the mir-100/10 family genes in protostomes one copy
in particular, the miR-933 gene, underwent arm switching
from 5 to 3p, but the dominance of the Sp arm was conserved
in other paralogs in the model organisms studied, except in
D. melanogaster.

However, the evolutionary implications of gene
duplication in miRNAs extend beyond simple redundancy.
Duplicated miRNA copies may undergo functional
specialization through subfunctionalization, where each
paralog retains only a subset of the ancestral functions, or
neofunctionalization, where novel functions emerge due
to sequence divergence. One key regulatory advantage of
arm switching in duplicated miRNAs is that it allows for
differential target selection without requiring sequence
modifications in the mature miRNA strand. For example, in
teleost fish, different miR-181 paralogs exhibit distinct Sp/3p
expression profiles across species, suggesting that miRNA
duplication coupled with arm switching can drive lineage-
specific regulatory diversification [54, 55]. Similarly, in
insects, shifts in miR-100 arm selection have been associated
with variations in developmental timing, underscoring the
role of arm switching in fine-tuning gene expression without
the need for additional genomic rearrangements [7, 8].

In the context of miRNA, gene duplication
followed by the processes of neofunctionalization or
subfunctionalization, where these events could reduce
the pressure of arm selection, would allow for flexible
arm usage patterns. Neofunctionalization would occur
in situations where mutations in one of the copies cause
fluctuations in Ago preference. Gene duplication followed
by subfunctionalization could influence the stoichiometric
imbalance of the pre-miRNA/target ratio in favor of the
pre-miR, allowing the expression of the passenger strand
without compromising the regulatory effects of the guide
strand. This points to miRNA gene duplication as a potential
source of attenuation of AGQ's selective dichotomy or, at
least, could contribute to the expression of different arm
expression profiles, possibly leading to arm switching [7,
8,70, 73, 81]

However, it is important to emphasize that the
stoichiometric factor appears to be crucial for this
phenomenon. In studies conducted by [73, 75] genome
analysis was performed to search for WGS (Whole Genome
Duplication) events [160]. Despite the duplication of miRNA
genes in these events, no significant variation in miRNA
expression profiles was found. One possible explanation for
this is that whole genome duplication events simultaneously
duplicate their targets. This may indicate that the duplication
of a miRNA gene can be a source or possibly a prerequisite
for arm switching, but for this to occur, the miRNA/target
abundance ratio must be unbalanced (Supplementary
Material of [161]).
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Additionally, regulatory flexibility arising from arm
switching may provide an adaptive advantage by enabling
species to adjust gene expression in response to environmen-
tal pressures. For instance, in mammals, hypoxia-respon-
sive miRNAs have been observed to shift arm preference
under oxygen deprivation, illustrating how dynamic strand
selection can serve as a mechanism for rapid physiologi-
cal adaptation [66, 132]. This suggests that, in addition to
lineage-specific regulatory divergence, miRNA duplication
combined with arm switching can enhance an organism's
ability to respond to fluctuating environmental conditions.

In summary, current evidence suggests that miRNA
duplication does not necessarily induce arm switching or
directly influence the expression profile, but it allows each
miRNA arm associated with distinct biological functions
to be expressed without competing for AGO selection.
However, it is evident that, despite the effects of miRNA
gene duplication being reasonably well studied, especially
in explaining the emergence of new miRNAs, further
investigation is needed to understand how miRNA gene
duplication directly affects the occurrence of arm switching.

Conclusions and final remarks

Understanding the mechanisms of miRNA arm selection and
arm switching is essential for elucidating the foundations of
gene and physiological regulation in eukaryotic organisms.
These processes provide an additional layer of complexity to
the biological regulatory system, enabling cells to modulate
their responses to various biological contexts and situations.
In this work, we conducted a comprehensive and up-to-date
review of the current state of knowledge regarding miRNA
arm selection and arm switching.

Research on arm switching events across diverse intra-
and interspecific contexts remains limited, which hinders
our capability to better understand the evolution of miRNA
regulatory mechanisms and arm switching, as well as
how these may have favored the biological evolution of
organisms. Investigating miRNA components in different
biological groups can elucidate part of the evolutionary
process of organisms and explain, at least partially, how
organisms genetically adapt to different environments and
contexts. To achieve this, it is crucial to understand arm
selection and the processes controlling it. Characterizing
the frequency and functional impact of these events
in various contexts and biological groups presents a
significant challenge. The integration of experimental
and computational approaches, along with the use of new
sequencing technologies and data analysis, can contribute
to important advances in this field.

Although much has been discovered about miRNA arm
selection in the past decade, significant challenges remain
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in identifying the factors and variables regulating differen-
tial strand selection processes, understanding the evolution
of these mechanisms, and characterizing them in different
organisms and contexts. While it is known that thermo-
dynamic stability and the identity of the 5’ nucleotides
play important roles, current literature indicates that much
remains to be elucidated about other determinants involved
in arm selection and arm switching events, such as the
regulation of biogenesis enzymes, environmental factors
triggering arm switching, or determinants in precursor
structures. Another challenge is characterizing the occur-
rence and diversity of functional impact of these events
in different organisms. To date, insufficient research has
been conducted on arm switching events from an evolu-
tionary perspective. It is known that this is not a process
free from natural selection, as some miRNAs and miRNA
families have already been investigated phylogenetically
[7]. Therefore, it is presumed to be fixed by natural selec-
tion. It should be noted that RNAi regulatory mechanisms
may have importance for multicellularity, as these evolved
independently in animals, plants, and fungi 162]. Intertis-
sue arm switching events have been reported in cnidar-
ians [50], indicating that the presence of this mechanism
in metazoans predates the emergence of bilaterians. Fur-
thermore, the presence of miRNA genes increased during
the diversification of this group, potentially conferring an
adaptive advantage. Moreover, as mentioned, gene dupli-
cation appears to favor miRNA regulatory control and be
a factor in the occurrence of arm switching. There are
a range of challenges regarding the identification of arm
switching in different organisms and evaluating its bio-
logical impact. This requires assessing the expression of
miRNA arm pairs in various tissues, species, and contexts
and then comparing, in a normalized manner, expression
profiles. Additionally, a functional step to identify the tar-
gets of the involved miRNAs and the affected biological
pathways is necessary to measure the biological impact
these miRNAs have on phenotypic expression.

While the mechanisms governing miRNA arm switch-
ing—such as thermodynamic stability and enzyme-medi-
ated processing—have been extensively studied, their direct
impact on species fitness remains untested. Most studies
addressing these mechanisms focus on their biochemical
properties rather than their role in evolutionary adaptation.
However, miRNAs have been widely recognized as drivers
of regulatory evolution, influencing gene expression net-
works across taxa.

For instance, rapidly evolving miRNA clusters have
been shown to rewire their target networks, contributing
to lineage-specific regulatory adaptations in Drosophila
[163]. Similarly, de novo miRNAs have been proposed
as key players in adaptive evolution, with studies testing
their emergence under the Red Queen Hypothesis

framework [103]. These findings underscore the broader
evolutionary relevance of miRNAs, even though the specific
mechanisms of arm switching remain to be investigated in
this context.

This review represents a significant effort in advancing
the understanding of these phenomena and highlights the
importance of studying arm selection and arm switching in
gene regulation and the phenotypic plasticity of organisms.
This review identified gaps in the current knowledge about
miRNA selection and underscored the importance of future
research to fill these gaps.

The future prospects for studying miRNAs and the factors
that modulate functional arm selection are promising.
Understanding arm selection and arm switching will open
doors to the development of biotechnological techniques
as well as potential therapeutic applications and significant
advances in understanding gene regulation and its impact
on the evolution of eukaryotic organisms. Continued
research focused on elucidating the factors that impact arm
selection and arm switching is essential for uncovering the
mechanisms that govern gene regulation and, ultimately,
modulate the biological pathways and processes inherent
to life.
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