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Recent advancements in small RNA sequencing have un-
veiled a previously hidden world of regulatory small noncoding
RNAs (sncRNAs) that extend beyond the well-studied small
interfering RNAs, microRNAs, and piwi-interacting RNAs.
This exploration, starting with tRNA-derived small RNAs, has
led to the discovery of a diverse universe of sncRNAs derived
from various longer structured RNAs such as rRNAs, small
nucleolar RNAs, small nuclear RNAs, Y RNAs, and vault RNAs,
with exciting uncharted functional possibilities. In this
perspective, we discuss the emerging functional principles of
sncRNAs beyond the well-known RNAi-like mechanisms,
focusing on those that operate independent of linear sequence
complementarity but rather function in an aptamer-like
fashion. Aptamers use 3D structure for specific interactions
with ligands and are modulated by RNA modifications and
subcellular environments. Given that aptamer-like sncRNA
functions are widespread and present in species lacking RNAi,
they may represent an ancient functional principle that pre-
dates RNAi. We propose a rethinking of the origin of RNAi and
its relationship with these aptamer-like functions in sncRNAs
and how these complementary mechanisms shape biological
processes. Lastly, the aptamer-like function of sncRNAs high-
lights the need for caution in using small RNA mimics in
research and therapeutics, as their specificity is not restricted
solely to linear sequence.

The discovery of regulatory small noncoding RNAs
(sncRNAs) has transformed our understanding of gene regu-
lation (1). The most extensively studied sncRNAs, such as
small interfering RNAs (siRNAs), microRNAs (miRNAs), and
piwi-interacting RNA (2–4), mainly function through base-
pairing with RNA and/or DNA targets to exert RNA-
silencing effects in a process called RNAi. In this process,
sncRNAs are loaded into a member of the Argonaute family
protein (e.g., AGO, PIWI) to recognize complementary se-
quences in target RNAs (2). This RNAi-based function mode is
highly reprogrammable, regulating both endogenous and
invasive genes, making it a powerful tool for research and
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therapeutics. The remarkable advances and interest in RNAi
have also triggered the exploration of a wider range of small
RNAs, as well as alternative, ancient, and evolutionarily
conserved functional principles of sncRNAs. For example,
tRNA-derived small RNAs (tsRNAs (5), also known as tRFs (6)
or tDRs (7)) have been reported to regulate protein translation
and rRNA processing in unicellular species and prokaryotes
(8–11), where essential RNAi components (e.g., Dicer and
Ago) are absent, suggesting the presence of alternative func-
tional modes even before the emergence of RNAi.

Recent advances in small RNA sequencing methods have
also prompted the consideration of RNAi-independent
sncRNA functional modes by revealing a surprising new
sncRNA landscape in mammalian tissues and cells, where
miRNAs were once considered the dominant sncRNA regu-
lators (1). These new methods have overcome the sequencing
bias in traditional methods caused by specific RNA modifica-
tions and termini (12, 13), revealing a diverse range of
sncRNAs derived from various longer parental RNAs (e.g.,
tRNAs (5, 14), rRNAs (15, 16), small nucleolar RNAs (snoR-
NAs) (17, 18), small nuclear RNAs (snRNAs) (13, 19), Y RNAs
(20, 21), vault RNAs (22–25), and mRNAs (26, 27)) (Fig. 1).
Moreover, these methods show that compared to the total
sncRNA population, miRNAs are in fact a minority in many
tissue and cell types in terms of both expression abundance
and sequence diversity (12, 13) (Fig. 2).

This expanded sncRNA universe raises new questions about
their function, as only a fraction of these newly discovered
sncRNAs can bind to AGO and exert RNAi-like functions (1, 5,
15, 28). Factors such as sncRNA length, termini, modifications,
and the sncRNA:AGO ratio may account for some sncRNAs
not exhibiting RNAi-like functions. In the absence of RNAi,
sncRNAs could function through linear base pairing without
AGO, or they could act beyond linear base-pairing, adopting an
aptamer-like manner based on their 3D structures. This abun-
dant pool of sncRNAs presents both opportunities and chal-
lenges for exploring their roles in biology and disease. In this
perspective, we aim to consolidate findings from previous re-
ports into new functional principles. We will briefly summarize
the progress made in the studies of tsRNAs and other nonca-
nonical sncRNAs and highlight emerging RNAi-independent
functions from an aptamer-centric view.
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Figure 1. Schematics of different sncRNAs derived from longer parental RNAs Ref. (1). A, tRNA-derived small RNA (tsRNA); (B) snRNA-derived small RNA
(snsRNA); (C) rRNA-derived small RNA (rsRNA); (D) Y RNA–derived small RNA (ysRNA); (E) vault RNA–derived small RNA (vtsRNA); (F) snoRNA-derived small
RNA (snosRNA). The upper section of each panel illustrates the mapping data of sncRNAs from their parental RNAs, with numbers in the y-axis indicating
reads per million (RPM). The lower section of each panel presents the predicted secondary structure of each parental RNA (depicted in gray) according to
RNAcentral (https://rnacentral.org). The regions from which sncRNAs are derived are highlighted in color, corresponding to the peaks in the upper section of
the panel. sncRNA, small noncoding RNA.
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tsRNA momentum
The journey to recognize the central role of noncoding

RNAs in evolution and biology has been long and winding
(29). Despite the fact that noncoding sequences are abundant
and outnumber protein-coding genes, they were once viewed
as insignificant or “junk”. Such biased views may have stem-
med from the early ingrained notion that biological functions
were primarily carried out by proteins (29). Although we have
now moved past the era of considering noncoding RNAs as
mere “junk” (30), similar biases may persist in new forms. For
example, when the powerful mode of RNAi was discovered
along with miRNAs, an emphasis on their biology and utili-
ties, albeit well deserved, led to minimal consideration of
other types of sncRNAs with potential alternative modes of
action. Yet, sporadic data began to suggest new possibilities,
igniting the emerging field of tsRNA research and paving the
way for a deeper understanding of the diverse sncRNA
landscape (1, 5, 6).

Initial studies on tsRNAs were often accidental, either as a
byproduct discovered during analyses of sncRNA sequencing
datasets or Northern blot analyses of tRNAs (9, 31–36).
Notably, tRNA fragmentation under various stress conditions
has been found in multiple species (9, 10, 31, 32, 34, 36–42),
mediated by various enzymes in different systems as summa-
rized in previous reviews (5, 6). These enzymes encompass a
2 J. Biol. Chem. (2023) 299(10) 105225
variety of RNases, such as RNase A, T2, Z, and L family
members, in addition to Dicer. Moreover, RNA-binding pro-
teins (RBPs), such as the Lupus autoantigen La, an RNA
chaperone, can affect the folding of pre-tRNAs and thus the
cleavage site for tsRNA biogenesis (43). The absence of La can
lead to alternative folding of pre-tRNA and thus generate
different set of tsRNAs with different functions. RNA modi-
fication enzymes that introduce diverse tRNA modifications
can also influence RNase cleavage (5, 6). For example, in
mammalian cells, certain tsRNAs are generated by angiogenin
(ANG) cleavage of tRNAs at the anticodon loop under stress
conditions, whereas RNA modification enzymes such as
DNMT2 and NSUN2 mediate the addition of m5C modifica-
tions within or around the anticodon sequence (44–47). The
presence of m5C at these positions increases tRNA stability,
while the absence facilitates ANG-mediated tRNA fragmen-
tation (48) and that tsRNAs might be primarily derived from
hypomodified tRNAs (49, 50).

In addition to stress conditions, tsRNAs have also been
found in various physiological conditions, particularly with
high abundance in mammalian sperm (51–53), serum (54, 55),
various body fluids (56), and extracellular vesicles (57–61).
This observation suggests the potential of tsRNAs for a wider
scope of functions in addition to stress responses, both inside
cells and in cell–cell communication. Because tsRNAs widely
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Figure 2. miRNAs represent a minority of the total sncRNA repertoire. A, quantity of different sncRNAs present across various mouse tissues and cells.
Data are derived from Ref. (12). B, sequence diversity of different sncRNAs in the mouse, including the cumulative sum of mouse miRNA types sourced from
miRbase. The types of other detected sncRNAs are compiled from pooled data of tissues and cells provided in Ref. (12). The sncRNAs depicted in the inner
circle represent detected sncRNAs that appear in at least two independent sequencing libraries. The outer circles represent the theoretical possibilities for
sncRNA generation, based on potential cleavage at any position of the RNAs (i.e., Y RNAs, vtRNAs, tRNAs, rRNAs, snRNAs, and snoRNAs) to produce sncRNA
products of 15 to 44 nucleotides in length. sncRNA, small noncoding RNA; snoRNA, small nucleolar RNA; snRNA, small nuclear RNA; vtRNA, vault RNA.
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exist in blood and other body fluids, many clinical studies have
recently harnessed tsRNAs as biomarkers for a range of clinical
diseases and conditions (21, 62–68). In fact, tsRNAs have been
found to play important roles in a wide and expanding range of
biological and disease conditions including regulating viral
infection (69, 70), cancer progression (71–73), stem cell dif-
ferentiation (12, 47, 74, 75), epigenetic inheritance (46, 52, 53,
76–79), and symbiosis (80, 81).

Since tRNAs are ancient and evolutionarily conserved
across all domains of life, studies of tsRNAs also extend to
unicellular species including prokaryotes and yeast, where
RNAi is absent (8–11). In fact, these studies have also inspired
the exploration of tsRNA biogenesis independent of Dicer and
new functional modes beyond posttranscriptional silencing
effect in an RNAi-like fashion by loading into AGO proteins
(18, 33, 81–84). For example, tsRNAs have been found to
inhibit protein translation without complementary target sites
in the mRNA (85). Interestingly, it has been noted that the
positions from which tsRNAs are cleaved from tRNAs or pre-
tRNAs closely determine their functions (43, 86, 87), such as
their ability to load into AGO or bind to specific proteins.

Moreover, tsRNAs derived from similar tRNA positions (30

or 50 terminus) can have different modes of action depending
on their length. For example, synthetic 30tsRNA-Lys of
differing lengths (18 versus 22 nt) have distinct roles in
inhibiting retrotransposition of endogenous retroviruses
(ERVs) in cell culture (88). The 30tsRNA-Lys-22 nt induces
posttranscriptional silencing of the ERV’s protein-coding
mRNA in a miRNA-like fashion, whereas the 30tsRNA-Lys-
18 nt does not trigger RNAi-like mRNA degradation or
translational inhibition. Instead, it inhibits the RT of ERV by
binding to the primer-binding sequence, leading to a block in
RT and impeded ERV complementary-DNA (cDNA) synthe-
sis. This diversity of function could be attributed to the
stringent loading length requirements of specific AGO pro-
teins (89–91); and in this case, the shorter tsRNA (18 nt) that
cannot be loaded into AGO can still function through
sequence complementarity.

In another example, synthetic 50tsRNA-ala ranging in
lengths of 24 to 31 nt can induce translational inhibition by
binding to (and replacing) translational initiation factors, while
a shorter version (21 nt) fails to exert this function (92), likely
due to the absence of the necessary binding motif or RNA
structural information for effective binding to these factors.
Moreover, 50tsRNA-Gly and 50tsRNA-Glu derived from the
cell culture medium exhibit resilience to degradation by RNase
A, which cleaves single-stranded RNAs (ssRNAs). However,
they can be effectively digested by RNase V1, an enzyme that
targets double-stranded RNAs (dsRNAs) (93). This finding
suggests that at least some tsRNAs may not exist in a linear
J. Biol. Chem. (2023) 299(10) 105225 3
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form but rather contain double-stranded regions, which could
be critical for their function.

Method revolution unveils the hidden majority

Apart from tsRNAs, new types of noncanonical sncRNAs
have also been continually discovered. Starting from late 2000s
to the early 2010s, various types of small RNAs were identified
as originating from the fragmentation of longer structured
RNAs, including rRNAs (15, 16, 94), snoRNAs (17, 18),
snRNAs (13, 19), Y RNAs (20, 21), vault RNAs (22–25, 95),
and mRNAs (26, 27), across a range of species and tissue/cell
types. These noncanonical sncRNAs were initially reported
sporadically through bioinformatic analyses of datasets pri-
marily generated to identify siRNA/miRNA/piwi-interacting
RNAs, and their existence was not widely recognized in part
due to their relatively low abundance when using traditional
small RNA sequencing methods. Yet, recent methodological
advances (1) driven by a deeper understanding of sncRNA
modifications have led to a more comprehensive view of the
sncRNA landscape.

A unique aspect of tsRNAs is their RNA modifications,
which were not extensively studied in the early days of dis-
covery due to technical challenges. However, the growing field
of tsRNA research has inevitably led to a greater focus on these
RNA modifications, which are inherited from their parental
tRNAs—the largest source of cellular RNA modifications with
over 150 distinct types (96–98). It was not only revealed that
RNA modifications affect the biogenesis of tsRNAs by influ-
encing RNase cleavage (summarized previously (5, 6)) but that
they affect tsRNA functions (46, 75, 99). It was also found that
some tRNA/tsRNA modifications, including m1A, m1G, m3C,
and m2

2G, can block the RT process during the generation of
cDNA libraries for sequencing (100, 101). In such cases,
sncRNAs carrying these modifications will not be detected by
sequencing. In addition, tsRNAs are generated by tRNA
cleavage with different RNases, many of which produce tsRNA
termini (e.g., 50-hydroxyl and 20,30-cyclic phosphate) that are
distinct from those of siRNAs/miRNA (50-phosphate and
30-hydroxyl, which are generated by Dicer cleavage) (73).
These special tsRNA termini prevent the adaptor ligation
process that is necessary for cDNA library generation and thus
the tsRNAs with these termini will not be detected. Conse-
quently, these internal and terminal RNA modifications
introduce substantial biases in the traditional small RNA
sequencing result, meaning that those sncRNAs carrying
specific modifications or exhibiting unique termini cannot be
systematically identified or accurately quantified.

To overcome these problems, new methods such as
PANDORA-seq (12) and others (13, 73, 100–106) (summarized
in review (1)) have recently been developed to overcome
adaptor ligation–blocking and RT-blocking RNA modifications.
These methods use enzymatic treatments (e.g., sequential use of
T4PNK and AlkB) to remove RNA modifications and convert
termini and/or using special RT enzymes (e.g., TGIRT, BoMoC,
and MarathonRT) that can switch template during RT and read
through the modifications. These advances have increased the
4 J. Biol. Chem. (2023) 299(10) 105225
detection of tsRNAs and substantially updated the sncRNA
landscape of other noncanonical sncRNAs, especially rRNA-
derived small RNAs (rsRNAs), which are found to be domi-
nant in many cell/tissue types (Fig. 2A). With the emergence of
new methods, it is worthwhile to re-examine previous sncRNA
profiles that were generated using traditional small RNA
sequencing. For instance, PANDORA-seq has enabled novel
discoveries about the sncRNA landscape in mature sperm (12,
107), during the reprogramming of somatic cells to induced
pluripotent stem cells (12) and in disease conditions such as
atherosclerosis (108).

Not junk

The abundant detection of tsRNAs, rsRNAs, and other
sncRNAs derived from longer parental RNAs suggests that
these sncRNAs may not be simply random degradation
products but are likely to bear functions. Indeed, a closer look
into the sequences of these sncRNAs reveals that the detected
sequences are much fewer than the theoretical number of all
possible fragments from the paternal RNAs (Fig. 2B). Addi-
tionally, variations in tRNA gene expression at the isodecoder
level (tRNAs having the same anticodon sequence) lead to
changes in tsRNA, but not in mature tRNA levels (109). This
finding suggests that these differences in tRNA gene expres-
sion could be unrelated to translation efficiency and instead
may play a role in controlled tsRNA biogenesis (109). More-
over, the regions from which the sncRNAs are derived from
are not random. For example, some tsRNAs are primarily
derived from 50-halves of tRNA, while others mainly come
from 30-halves (or quarters). Similarly, rsRNAs and other
sncRNAs are selectively derived from specific regions of
parental rRNAs, showing tissue/cell-type specificity (12, 13)
(Fig. 1). These observations collectively underscore the regu-
latory nature of RNA fragmentation and selective retention.

Indeed, recent evidence has demonstrated a stepwise regu-
lation of tsRNA biogenesis. First, tRNAs are nicked by RNases,
but the two halves remain base paired and do not separate.
This intermediate state may be either maintained by the
intrinsic tRNA structure and base-pairing or stabilized by
additional binding proteins (110, 111) (Fig. 3). The nicked
tRNA can be either repaired with a set of enzymes (110–112)
or further unwound by RNA helicases, leading to the selective
degradation of one tRNA half and retention of the other half
(113) (Fig. 3). This process of selective cleavage and retention
may also be applicable to other types of sncRNAs, governed by
the enzymes present in each system, and represent the earliest
form of sncRNA biogenesis (1, 5).

Notably, fragmented or nicked tRNAs can be reunited with
a set of enzymes in simpler unicellular systems like pro-
karyotes and yeast (111, 112, 114, 115). This phenomenon may
also have connections with the occurrence of split tRNAs
observed in some archaeal species (116). In these species, a
standard continuous tRNA sequence is divided into two (117)
or three (118) separate pieces encoded at different genomic
loci, and the fragments of the split tRNAs are individually
transcribed and later ligated to form a functional tRNA. Such



Figure 3. Enzymatic regulation of tRNA:tsRNA dynamics. Schematics of tRNA cleavage by RNases, followed by either tRNA repair or selective degra-
dation of tRNA to generate specific tsRNAs. RNase, ribonuclease; tsRNA, tRNA-derived small RNA.
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assembly of small RNA fragments into longer sequences
through ligation (by RNA/protein enzymes) could be highly
regulated; and may represent an ancient mechanism to build
larger RNAs in a primordial world. It remains to be seen
whether tsRNA can be reunited into tRNA in mammalian
systems under physiological or pathological conditions, a di-
rection that merits future research.

In addition to the highly regulated process of biogenesis, the
emerging sncRNAs have shown a range of diverse functions as
evidenced from accumulating reports reviewed elsewhere
regarding tsRNAs (5, 6, 14, 119–123), rsRNAs (12, 15),
snoRNA-derived small RNAs (28), as well as emerging exam-
ples for Y RNA–derived small RNAs (20), vault RNA–derived
small RNAs (24, 25, 95), and more. Some of them function
through AGO-binding in an RNAi-like fashion and can involve
competition between different sncRNAs, such as the case of
abnormally increased vault RNA–derived small RNAs (23) or
tsRNAs (124) that interfere with the normal siRNA pathways by
competitively binding with AGO. In many other cases,
sncRNAs can function independently of AGO and sometimes
do not even rely on their sequence complementarity to DNA/
RNA but through binding with a range of different proteins
and/or the formation of ribonucleoproteins (RNPs) (5, 6).

While the reports of RNAi-independent functions for
tsRNAs and other sncRNAs continue to grow, these cases have
not been generalized to other contexts but are instead often
considered exceptions. However, through these cases we
perceive new general principles that have the potential to
inspire a broader range of possibilities in sncRNA research.
We discuss below these principles, which are based on the
fundamental properties of sncRNA structure and their
aptamer-like interactions with various biological molecules.
Beyond RNAi

Currently, sncRNAs are mostly known for their RNAi-based
functionality, which relies on base pairing with their comple-
mentary sequences and recruiting binding proteins (e.g., AGO/
PIWI) to act on the target RNA/DNA. However, their other
properties such as the potential to fold into various structures
and the ability to bind with a wider range of proteins may
represent a more fundamental characteristic that is essential for
RNAi-independent regulatory functions in tissues and cells.

RNA is a highly structured polymer molecule by nature,
capable of forming dynamic secondary, tertiary, and higher-
order structures. These complex structures can result from
self-folding based on minimal free energy (Fig. 4) or in-
teractions between RNA molecules or between RNA and
proteins. These structures can interchange and coexist in a
dynamic fashion under different environmental conditions
(125). The folding and interaction of RNA define its func-
tionality, which ranges from ribozymes and riboswitches to
protein binding, as well as the widely studied base pairing with
target RNA/DNA sequences (125, 126). When a longer
structured RNA (e.g., tRNAs, rRNAs, and snoRNAs) is frag-
mented into smaller pieces, both the parent and daughter
RNAs may be subject to functional selection during evolution.
Through this process, numerous possibilities have been tested,
with the extant sncRNAs representing the successful outcomes
of evolutionary trial and error.

In fact, we argue that the emergence of RNAi only repre-
sents a later invention in evolution, which ensures the usage of
sncRNAs’ linear sequence for base pairing. In this context,
RNAi could be considered a specialized form of sncRNA
function, and it may have an origin that predates the need for
antiviral activity. We discuss these points below.
Function as aptamer

The term RNA “aptamer” was first coined in 1990 by
Szostak and co-workers (127), which is derived from the Latin
aptus, meaning fit, and the Greek meros, meaning part or re-
gion (127, 128). Aptamers are short, single-stranded DNAs or
RNAs (typically ranging from 20 to 60 nt) that fold into 3D
structures, enabling specific binding to molecular targets of
diverse nature, including proteins, metabolites, organic com-
pounds, and even viruses and bacteria (128). In contrast to the
RNAi mode of action which primarily depends on linear
J. Biol. Chem. (2023) 299(10) 105225 5



Figure 4. Predicted secondary and tertiary structures for individual
sncRNA sequences. (A) miR-1, (B) tsRNA-Gly-GCC, and (C) rsRNA-28s.
RNAstructure (177) and RNAComposer (178) were used to predict the sec-
ondary and tertiary structure of the sncRNAs, respectively. The forna tool
(part of ViennaRNA) (179) and UCSF Chimera (180) were used to visualize
the secondary and tertiary structure, respectively. The standard free energy
difference (ΔG� value in kcal/mol) between the folded and unfolded forms
of the RNA, predicted at 37 �C, is also presented. Notably, the positive ΔG�
for miR-1 suggests a preference for unfolded state. Nevertheless, miR-1 has
been reported to act as an aptamer by binding with the potassium channel
Kir2.1 to change channel activity (135). This suggests that small RNAs can
function as aptamers even through their linear form, further underscoring
the versatility of aptamer-like functions for small RNAs. rsRNA, rRNA-derived
small RNA; sncRNA, small noncoding RNA; tsRNA, tRNA-derived small RNA.
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sequences for base-pair targeting, the function of an RNA
aptamer relies on RNA’s secondary and tertiary structures for
specific target binding, similar to antibodies.

Notably, while miRNA studies have largely focused on linear
sequence-based pairing in an RNAi-like mode, alternative
modes of action have occasionally been reported, and can be
categorized as exhibiting aptamer-like functions. For instance,
let-7, an abundant and evolutionarily conserved miRNA, has
been found to function by interacting with toll-like receptor 7
(TLR7) (129), a member of the TLR family that stimulates
6 J. Biol. Chem. (2023) 299(10) 105225
innate immune responses by recognizing microbial-derived
molecules such as lipopolysaccharides, RNA, and DNA (130).

The interaction of let-7 with TLR7 in microglia and mac-
rophages depends on its GU-rich sequence, rather than the 50

let-7 seed sequence required for posttranscriptional silencing.
The binding of let-7 to TLR7 is akin to the GU-rich sequence
found in the 20-nt ssRNA40 derived from HIV, a well-known
natural RNA activator for TLR7/8 (131). This evidence sug-
gests that let-7 may have an alternative functional mode
beyond the classical RNAi-like mechanism.

Interestingly, a more recent study in human monocyte-
derived macrophages (HMDMs) discovered that 50tsRNA-
HisGUG can be significantly elevated in HMDMs and their
secreted extracellular vesicles upon lipopolysaccharides stim-
ulation, through ANG cleavage (57). The abundance of
50tsRNA-HisGUG is more than 200 times that of the most
abundant miRNAs (e.g., miR-150) in HMDMs, and it can bind
to and strongly activate endosomal TLR7 (but not TLR8), thus
acting as an immune activator. 50tsRNA-HisGUG also contains
a GU-rich sequence like ssRNA40, suggesting that the GU-rich
sequence is a key feature for the binding. However, full-length
tRNA-HisGUG cannot stimulate endosomal TLR7 (57), indi-
cating that the binding to TLR7 requires a specific 3D structure
of GU-rich sncRNA (i.e., let-7, 50tsRNA-HisGUG), which is not
present when being folded into a tRNA structure. Collectively,
although we currently lack specific structural evidence, these
examples suggest that let-7 and 50tsRNA-HisGUG may func-
tion in an aptamer-like fashion. Indeed, activation of TLR7/8 by
other miRNAs and sncRNAs have also been reported (132,
133), suggesting that it may represent a generalized mechanism
for both intracellular and intercellular regulation.

In addition to binding to TLR7, let-7 has also been found
to interact with the TRPA1 ion channel to activate noci-
ceptor neurons and elicit pain (134), suggesting that miRNAs
can bind to a wider range of functional proteins. In another
case, it was discovered that miR-1, a highly conserved
miRNA that is abundantly expressed in cardiac and skeletal
muscle, can physically bind to Kir2.1, a cardiac membrane
potassium channel, and directly regulate channel activity
(135). The binding depends on the core sequence of 10A-
15G (AAGAAG) in miR-1, which is outside the miRNA seed
region. Significantly, a human SNP in miR-1, featuring a
A14G mutation, specifically disrupts the miR-1:Kir2.1 inter-
action while retaining the RNAi function, indicating a
structure-based aptamer function of miR-1 independent of
RNAi (135).

A notable feature in these cases is that the miRNAs and
tsRNAs being studied are all abundant in the cell, potentially
exceeding the loading capacity of AGO. In fact, it has been
reported that the number of miRNAs in the cell exceeds the
amount of AGO proteins by more than 13-fold (136), raising
an important question regarding the functionality of those
miRNAs not bound by AGO. Furthermore, when considering
the much greater abundance of sncRNAs (e.g., tsRNAs and
rsRNAs) in the cell, they may easily surpass the AGO loading
capacity and possibly even the mRNA pool for direct binding.
The logical conclusion is that these sncRNAs may either exert
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base pairing with their target mRNA (and other RNAs) using
linear sequence or fold into aptamer structures that exert
complementarity-independent functions (Fig. 5, A and C).
Both of these possibilities have been demonstrated. Functions
based on AGO-independent base pairing include: (I) tsRNA-
mediated unfolding of duplexed mRNA structures, thus
regulating translation rates (137, 138) and (II) tsRNA-
regulated the RT of retrovirus (or ERV) by either competing
or mimicking the effect of natural tRNA as a primer (88, 139,
140). In more cases, the function of sncRNAs could be cate-
gorized as aptamer-like, including: (I) regulation of global
protein translation (either inhibit or enhance) in unicellular
species and prokaryotes by direct tsRNA–ribosome interaction
(10, 38, 39, 141); (II) tsRNA-mediated cytoplasmic stress
granule formation in regulating mRNA translation and/or the
displacement of translational initiation factors (92, 142, 143);
(III) tsRNA binding to form nuclear RNPs, which in turn,
regulate RNA processing inside the nuclei (144–146); (IV)
tsRNA binding with key RBPs to influence their function in
regulating metastatic gene expression in cancer progression
(71, 72); (V) tsRNA and other sncRNAs binding with high-
density lipoprotein or low-density lipoprotein in the serum
for long-range transportation and activation of TLR (132, 147);
and (VI) tsRNAs inhibit the association between TSR1
(a ribosome maturation factor) and pre-40S ribosome, leading
Figure 5. Different modes of sncRNA function, using linear base pairing
complementarity to target sequence without protein binding. B, protein-ass
structure as an aptamer. Note that the sncRNA can fold either on its own or mul
D, combination of linear base pairing and aptamer-like function with differ
interchangeable under different subcellular environments (e.g., cytoplasmic, n
nucleoprotein; sncRNA, small noncoding RNA.
to a reduction in global protein synthesis (148). In these cases,
the sncRNA functions are exerted independent of RNAi to
modulate cellular activity, which might be generalized in more
situations, especially for other highly expressed sncRNAs.

Importantly, the aptamer-like function of sncRNAs could
extend beyond the folded structure of a single sncRNA and
may also involve intermolecular structures formed through the
interactions between different sncRNAs. For example, in the
case of 50tsRNA-Ala–mediated translational inhibition (92), it
has been shown that the displacement of eukaryotic initiation
factor 4 gamma to inhibit translational initiation requires the
formation of intermolecular RNA-G-quadruplex (RNA-G4) of
50tsRNA-Ala, a tetramer structure dependent on 50 terminal
oligo-G sequence of 50tsRNA-Ala (143). Disruption of the
RNA-G4 by mutating the continuous 50 terminal oligo-Gs
abolishes the ability of 50tsRNA-Ala to displace eIF4G (143).

Similarly, stress granule formation induced by 50tsRNA-Ala
also seems to require the RNA-G4 structure (149), consistent
with the notion that RNA multimerization driven by both base
pairing and tertiary interactions contribute to organization of
biomolecular condensates, such as liquid–liquid phase sepa-
ration (150) (Fig. 5C). Finally, just like the function of an RNA
aptamer can be improved or modified by incorporating
modified nucleotides during their synthesis (151), the naturally
occurring RNA modifications on sncRNAs generate a huge
, 3D structure-based aptamer function, and a combination of both. A,
isted RNAi-based linear base pairing. C, binding with protein using a 3D
timerize with other RNAs to form higher-order structures for binding activity.
ent domains. For a single sncRNA, the listed functional modes might be
uclear, and mitochondrial) and induced by specific local factors. RNP, ribo-
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reservoir of functionally diverse sncRNAs due to site-specific
locations and combinations.
Rethinking the origin of RNAi

Given that the aptamer-like function of sncRNAs are
observed across all domains of life, it is reasonable to argue
that it represents a more ancient mode of sncRNA function
that predates RNAi. On the other hand, although the aptamer-
like function of sncRNAs offers advantages in terms of
versatility in target binding, the pool of sequence choices is
inherently limited by the size of the genome, as well as the
actual transcripts and fragmentation patterns that can be
generated in a single cell.

In contrast to the aptamer function, which represents a
“default” feature of RNA folding, the emergence of RNAi marks
a later evolutionary milestone, which ensures the effective use
of sncRNAs’ linear sequences for base pairing–mediated tar-
geting by binding with AGO. This development resulted in a
more programmable and simple regulatory system that fully
exploits the linear sequences of sncRNAs to bind a diverse
range of RNA/DNA targets. In this context, the emergence of
RNAi could be considered as a specialized form of an aptamer-
like function, wherein AGO binding ensures that sncRNAs do
not fold into 3D structures, but maintain a "straightened up"
configuration optimal for linear sequence binding (Fig. 5B).

The evolutionary origin of RNAi was widely considered to
be driven by the defense against transposable elements and
RNA viruses (2), thus a case of adaptive evolution. Alterna-
tively, recent considerations argue that RNAi could also have
been derived from neutral evolution, emerging as a means of
gene regulation before serving as a defense system (152). Our
perspective that sncRNA-AGO binding is a specialized form of
aptamer function supports the hypothesis of RNAi’s neutral
evolutionary origin. It suggests a crucial evolutionary step that
ensures sncRNAs’ linear binding with RNA/DNA targets.
Notably, the length of this linear-binding region plays a vital
role in determining targeting specificity across the genome/
transcriptome.

The ancient AGO-like protein may have acquired a catalytic
(e.g., RNase H-like) domain capable of DNA/RNA cleavage,
forming a prototype of RNAi that may have emerged without
the pressure of invading sequences, which initially function in
intracellular gene regulation at either the DNA or RNA level.
When confronted with invading sequences (DNAs or RNAs),
this prototype loaded with linear DNA/RNA may have affor-
ded an advantage for recognition of the invader with sequence
complementarily. Further incorporation of specialized com-
ponents, such as Dicer (only found in eukaryotes (153)), to
cleave the invading RNA and load it into AGO-like proteins
for effective cleavage of the invader may have led to an efficient
defense mechanism. Indeed, many prokaryotes contain pAGO
that can load either DNA or RNA to perform target searching,
with both catalytically active (154, 155) and catalytically
inactive (156) pAGO present.

This proposed origin of RNAi aligns with the dual role of
RNAi in both antiviral defense and endogenous gene
8 J. Biol. Chem. (2023) 299(10) 105225
regulation. We posit that RNAi may have emerged among one
of the numerous sncRNA–protein interactions through evo-
lution, parallel to other functional RNPs based on sncRNA–
protein interaction. The RNAi modes of action may have
been under selection and enhanced in species living in envi-
ronments with high viral loads, such as soil-dwelling organ-
isms including worms and plants, in which robust and
diversified antiviral defense capabilities were demonstrated (2).

Importantly, binding to AGO/PIWI does not necessarily
result in RNAi-like functions; AGO/PIWI can also function as
delivery proteins for sncRNA to new locations, such as nuclei,
where the sncRNAs can function in an aptamer-like fashion.
For example, miR-126-5p, an abundant miRNA in endothelial
cells, can directly bind and inhibit proapoptotic caspase-3 in
the nucleus in an aptamer-like fashion, with nuclear transport
of miR-126-5p mediated by a Mex3a/AGO-guided complex
(157). This miR-126-5p–mediated inhibition of caspase-3 ac-
tivity protects endothelial cells and prevention of atheroscle-
rosis (157). In another example in Tetrahymena, it has been
shown that tsRNA can bind to an AGO/PIWI family protein to
form nuclear RNPs, which facilitates nuclear rRNA processing
and cell growth (145, 146).

The consideration of sncRNA functionality from an
aptamer-centric perspective complements and enhances our
understanding of their RNAi functionality. In fact, linear base
pairing–mediated DNA/RNA targeting and 3D structure-
based binding may coexist or be interchangeable within the
same RNA molecules (Fig. 5D). For instance, in the CRISPR/
Cas system, Cas protein binding with guide RNAs ensures the
use of spacer sequences in linear form for base-pair targeting,
while the flanking sequences fold in an aptamer-like manner to
anchor with the Cas protein (158). Additionally, whether a
sncRNA functions by folding on its own or by binding to
another RNA sequence with linear complementarity depends
on the folding or binding energy it can achieve under each
condition. This equilibrium may be further influenced by RNA
modifications and local factors such as proteins and metabo-
lites, which can push the equilibrium in either direction.
Hence, an expanded view of sncRNA functionality (Fig. 5) that
integrates their potential roles as both linear sequence–
dependent regulatory molecules and structure-dependent
aptamers opens new avenues for investigating their potential
roles in various biological processes and diseases.
Future perspectives

Challenges and opportunities

The exploration of aptamer-like functions of sncRNAs is
still at its infant stage, with great barriers and opportunities
lying ahead. One obstacle involves the need for a deeper un-
derstanding of sncRNA folding principles and structures,
which are inherently more dynamic compared to protein
folding (125). For example, one RNA sequence can adopt
multiple secondary/tertiary structures with different functions
(159–163). This variability poses potential problems for the
commonly used computational prediction of RNA structure
based on minimum free energy (Fig. 4), as it may not account
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for all structural variants and needs experimental validation.
Moreover, the situation is further complicated by various RNA
modifications. These modifications, known to alter base-
pairing rules and influence sncRNA functionality (46, 99),
most likely function through the modulation of their structure
and binding potential. Given the highly modified nature of
tRNA and other structured precursor RNAs (e.g., rRNAs,
snRNAs, and snoRNAs) and the dynamic sncRNAs derived
from their site-specific cleavage, advanced tools to simulta-
neously decode sncRNA sequences and site-specific RNA
modifications are in great need (1, 164); this challenge is being
addressed through the development of mass spectrometry–
based approaches (165) as well as nanopore sequencing tech-
nology (166). The sncRNA modification information offers
both opportunities and also challenge for precise computa-
tional and high-throughput AI-based RNA structure predic-
tion, especially as RNA modifications and structures could be
dynamically regulated by environment and in subpopulations
of RNAs (163, 167).

Nonetheless, the dynamic nature of sncRNA folding and
structure does not mean that they are inaccessible. There are
molecular interactions and principles that stabilize RNA ter-
tiary structure and thus their functions (126, 168). The func-
tionality of sncRNAs is strongly influenced by interacting
molecules, which includes RBPs. Equally important is the
subcellular localization and compartmentalization of the
sncRNAs in forming biomolecular condensates (150, 169).
Understanding these principles using advanced methods in
probing RNA structures (170) under different biological con-
texts will promote the computational prediction of RNA–
protein interaction and eventually lead to the deciphering of
their functionality.
Explore with caution

While the RNAi system offers elegant simplicity for
sncRNA-based gene regulation, understanding other functional
principles of sncRNAs, such as those in an aptamer-centric
view, provides a more holistic perspective on the complexity
of sncRNA functionality. At times, the inherent complexity of
these systems becomes the very source of their order, giving
rise to the cells and organisms which we observe today.

The modern pharmaceutical industry largely relies on a
reductionist approach, simplifying complex systems to harness
key principles for treating diseases. This approach is evident in
the successful application of the well-defined RNAi mechanism
in creating new therapeutics based on targeted gene silencing
through sequence-complementarity, as pioneered by Alnylam
Therapeutics (171). However, the development of therapeutics
that targets miRNAs–such as antagomirs or anti-miRs (chem-
ically engineered antisense oligonucleotides designed to target
and silence specific endogenous miRNAs based on sequence
complementarity)–has not been as fruitful despite substantial
investment (172, 173). This failure may reflect the multifaceted
function of highly expressed miRNAs: they can both exert
RNAi through linear miRNA–mRNA base pairing and aptamer
function through miRNA–protein interactions. An antagomir
might successfully block the RNAi portion of miRNA activity,
but not the portion with folded structures that remain bound to
proteins. This limitation could potentially be overcome by using
small molecules that target specific RNA structures (174), a
strategy that would be informed by future investigations of
RNA structural information. Moreover, when the delivered
antagomirs saturate their linear sequence complementarity-
based binding targets, they may fold into unexpected structures
and exert aptamer-like functions, causing unexplored “off-
target” side effects. In fact, the folding features of other sncRNA
mimics (e.g., agomir) have similar concerns, potentially gener-
ating nonspecific effects (175) through unexpected RNA–RNA
interactions and aptamer effects.

Now, as we delve deeper into the vast sncRNA universe
beyond miRNAs (Figs. 1 and 2), it becomes imperative to
embrace a broader spectrum of their functional principles.
This exploration requires a step beyond the “information
cocoon” that has previously shaped our understanding of
sncRNA functionality, a perspective that has been predomi-
nantly centered around simple complementarity–based
mechanisms. Otherwise, the pursuit of simplicity risks over-
looking the profound complexity intrinsic to the system, a
complexity we refer to as the “RNA code” (1, 176). After all, as
stated by the great philosopher Alfred North Whitehead, “...the
only simplicity to be trusted is the simplicity to be found on the
far side of complexity.”
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