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Abstract

The world of small non-coding RNAs (sncRNAs) is ever-expanding, from siRNAs, miRNAs, 

piRNAs to the recently emerging noncanonical sncRNAs derived from longer structured RNAs 

(e.g., tRNAs, rRNAs, YRNAs, snoRNAs, snRNAs and vault RNAs), showing distinct biogenesis 

and functional principles. Here, we discuss recent tools for sncRNA identification, caveats in 

sncRNA expression analysis, and emerging methods for direct sequencing of sncRNAs and 

systematic mapping of RNA modifications that are integral to their function.

Small non-coding RNAs (sncRNAs) are universally distributed in all kingdoms of life: 

from bacteria, archaea to various eukaryotic lives1-3, which have not ceased to surprise 

us throughout the last two decades regarding their compositional and functional diversity. 

While the definition of ‘small’ is relatively empirical and subjective in different contexts, 

in this paper, we mainly discuss sncRNAs of 15-50 nucleotides (nt) in length, including 

the relatively well-characterized small interfering RNAs (siRNAs, 20-27 nt), microRNAs 

(miRNAs, 21-23 nt) and Piwi-interacting RNAs (piRNAs, 21-35 nt)4-6, but with more 

focus on more recently discovered noncanonical sncRNAs (15-50 nt) that are derived 

from longer structured RNAs7 such as transfer RNAs (tRNAs)8, 9, ribosomal RNAs 

(rRNAs)10, 11, Y RNAs (yRNAs)11, 12, small nuclear RNAs (snRNAs)13, 14, small nucleolar 

RNAs (snoRNAs)15, 16, vault RNAs (vtRNAs)17, 18, and even mRNAs19, 20. Studies on 

noncanonical sncRNAs have recently gained momentum, exemplified by the new focus 

on tRNA-derived small RNAs (tsRNAs)8 and are expected to expand to other categories 

with their systematic discovery. To facilitate communication and reduce confusion, we 

propose a unified naming system for these noncanonical sncRNAs (Box 1) when describing 

discoveries from different laboratories (usually using different names).

Like many non-coding RNAs in history, the emerging noncanonical sncRNAs were initially 

considered as merely random degradation products of RNA turnover/metabolism and 

thus neglected, yet increasing evidence has begun to put them in the spotlight as novel 

regulatory sncRNAs8, 21. This is partly due to the revelation that they are regulated by 
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both genetic and environmental factors18, 22-27, and that many of them are functional and 

related to multiple diseases, including cancer28-30, immunity12, 31, viral infection32, 33, 

neurological disorders34, 35, stem cells26, 36-39, retrotransposon control40, 41, and epigenetic 

inheritance24, 25, 42-45, and because in many cases, the exertion of their function depends 

on mechanisms that are distinct from those of well-studied siRNAs/miRNAs/piRNAs. 

Moreover, it was recently recognized that many non-canonical sncRNAs harbor various 

RNA modifications, some of which can prevent the detection of sncRNAs by traditional 

RNA-seq10, 14, 46, 47. This has promoted a recent wave of method improvements, leading 

to their comprehensive discovery and identification, which have in turn ignited new interest 

in research centered on sncRNA modifications48. Here we briefly outline the biogenesis 

and functional principles of noncanonical sncRNAs, and discuss recent methodological 

developments in promoting sncRNA discovery and accurate expression analyses, and new 

techniques for direct multiplexed mapping of RNA modifications, which is much needed for 

decoding sncRNAs’ full function.

Distinct features of sncRNAs

In eukaryotes, the biogenesis and functions of siRNAs, miRNAs and piRNAs have been 

extensively studied5, 6. Both siRNAs and miRNAs are generated from double-stranded RNA 

(dsRNA) precursors mainly by RNase III enzymes (e.g., Dicer for siRNAs, Drosha and 

Dicer for miRNAs)4, while piRNAs, found mainly in animal germline cells, are generated 

from single-stranded RNA precursors independently of Dicer and Drosha, involving a set 

of proteins for primary processing and the ‘ping-pong cycle’ for amplification49. The 

main functions of siRNAs, miRNAs and piRNAs all depend on base-pairing with their 

RNA and/or DNA targets, exerting RNA silencing effects (e.g., posttranscriptional mRNA 

cleavage/decay/translational repression, and transcriptional silencing) via the Argonaute 

family proteins, where siRNAs and miRNAs are associated with the AGO sub-clade, and 

piRNAs are associated with the PIWI sub-clade50. Notably, Argonaute-dependent RNA 

silencing effects are generally believed to exist only in eukaryotes50.

Compared to siRNAs, miRNAs and piRNAs, the noncanonical sncRNAs bear several 

distinguishable characteristics regarding their evolutionary origin, cellular abundance, 

biogenesis, and functional principles, which may update our traditional views on sncRNAs. 

For example, tsRNAs and rsRNAs are predominantly found and dynamically regulated in 

ancient unicellular organisms (e.g., Bacteria, Archaea, Yeast and Protozoa) where siRNAs, 

miRNAs and piRNAs are absent51-56. This suggests that producing sncRNAs via the 

fragmentation/cleavage of longer structured RNAs (e.g., tRNA, rRNA, snRNA, Y RNAs, 

and vault RNAs) may represent the most ancient pathway of sncRNA biogenesis that 

predate the emergence of siRNAs, miRNAs and piRNAs8. In addition, the biogenesis of 

noncanonical sncRNAs involves the cleavage of their precursors (e.g., tRNAs, rRNAs) 

by a range ancient ribonuclease (RNase) families (e.g., RNase P, RNase Z, RNase T2, 

RNase A)8 that predate the emergence of Dicer (which exists only in eukaryotes50, 

responsible for generating siRNA and miRNAs), and are profoundly affected by site-specific 

RNA modifications and related enzymes8. Finally, many noncanonical sncRNAs can exert 

versatile functions independent of Argonaute family proteins, exemplified in the recent 

Shi et al. Page 2

Nat Cell Biol. Author manuscript; available in PMC 2022 October 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



emerging tsRNA studies8, although our understanding of their full range of functionality is 

still in its infancy and awaits to be explored.

However, before a full exploration of the expanding functions of sncRNAs, perhaps an even 

more urgent and pertinent question is whether we have discovered all sncRNAs. If not, what 

have we missed and how should we systematically identify them?

Improved methods lead to an updated landscape of sncRNAs

The wide use of next-generation sequencing (NGS) has greatly advanced the discovery 

of sncRNAs. However, in the early days, most of the small RNA-seq protocols aimed to 

discover miRNAs and siRNAs of ~20 nt by implementing a pre-size selection of <30 nt 

RNA (recovery from PAGE gel) to generate a complementary DNA (cDNA) library for 

high-throughput sequencing, which prevented the discovery of sncRNAs >30 nt. Later, the 

RNA size-selection was extended to ~45 nt, aiming to discover more sncRNAs, which 

can cover the length of piRNAs (21-35 nt) and also lead to the discovery of other 

noncanonical sncRNAs under physiological conditions, for example, in mature sperm cells57 

and serum58, 59 where clear peaks of tsRNAs and/or ysRNAs are found at 30-40 nt.

However, unexplained phenomena were constantly observed when size-selection is extended 

to ~45 nt. For example, although RNA bands or smears at 30-40 nt can be clearly observed 

on PAGE gel, the sequencing results only show a sharp peak of miRNAs (~20 nt), while 

the sequencing reads from the 30-40 nt are usually very low10. This inconsistency strongly 

suggests that the widely used sncRNA sequencing protocols have generated biased results 

and fail to capture a large portion of sncRNAs clearly present on the PAGE gel.

Such sequencing bias has been found to be derived from two main issues during the cDNA 

library preparation (Box 2). One is the terminal modifications in sncRNAs that prevent 

adapter ligation (Fig.1a,b), and the other is the internal RNA modifications in sncRNAs that 

interfere with reverse transcription (RT) process that converts the RNA into cDNA (Fig.1c). 

Recently, new methods (e.g., PANDORA-seq (panoramic RNA display by overcoming RNA 

modification aborted sequencing) and CPA-seq (Cap-Clip acid pyrophosphatase, PNK, and 

AlkB-facilitated sncRNA sequencing)) have been developed to overcome both problems by 

using consecutive enzymatic treatment to resolve RNA termini that block adapter ligation 

and to remove RT-blocking RNA modifications10, 14, which enabled the identification 

of many sncRNAs that were previously undetectable and revealed an updated sncRNA 

landscape. For example, PANDORA-seq has shown that tsRNAs and rsRNAs are more 

abundant than miRNAs in many tissues and cells (e.g, spleen, embryonic stem cells, HeLa 

cells), as validated by Northern blot analyses10. However, it should be noted that even 

with the improved methods, we may still have not revealed the full landscape of sncRNAs 

(Box 3), as other terminal conditions and/or RNA modifications may exist to interfere with 

ligation and RT process during cDNA library construction10, 60, a possibility that awaits 

resolution.

Importantly, while different methods capture sncRNAs with specific properties regarding 

the termini and modification status (Table 1), a comparative analysis using different 
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methods on one RNA sample can provide further information to deduce the compositional 

information of different types of sncRNAs10. In addition, pooled adapters can be utilized to 

reduce ligase bias in terminal ligation61. Further improvements, including adding terminal 

barcode sequences to resolve the PCR amplification bias (caused by intrinsic differences 

in amplification efficiency of cDNA templates)62, can correct the number of reads with 

bioinformatic approaches, thus increasing the accuracy of sncRNA discovery. Additionally, 

the development of ultralow-input or single-cell level analyses63, 64 based on improved 

bias-reducing protocols (e.g. PANDORA-seq) is needed to reveal the dynamic landscape of 

scarce biological samples, such as mammalian early embryos.

Caveats in analysing and interpreting of sncRNA sequencing data

With the discovery and bioinformatic annotation of major subcategories of sncRNAs (e.g., 

miRNAs, tsRNA, rsRNAs) in biological samples65, new analytical difficulties have emerged, 

especially when trying to accurately measure the sncRNA expression changes between two 

(more more) conditions, which concerns how to correctly interpret the sequencing results by 

considering the inherent nature and limitation of the RNA-seq data and the specific sample 

status. Here, we dissect the main caveats in sncRNA data analyses and discuss potential 

solutions under different situations.

First and foremost, the reported expression level of a sequence from a sncRNA sequencing 

data (e.g., presented as reads per million (RPM)) represents the relative enrichment of 

this sequence in the sample, but not the absolute quantity. In this regard, the changes in 

the RPM value of certain sncRNAs does not necessarily reflect the changes in their net 

expression level, because the changes in RPM could result from very different scenarios. For 

example, if a cell expresses both miRNAs and tsRNAs (in real cases there could be more 

types of sncRNAs) (Fig.1d) and the deletion of a gene enhances the biogenesis of tsRNAs 

but does not affect the overall level of miRNAs, the sequencing result based on RPM 

would give the impression that the miRNAs are overall downregulated, a misinterpretation 

caused by the increased tsRNA reads that have consumed more of the relative RPM. The 

same RPM pattern change could result from other scenarios, such as that miRNAs are 

truly downregulated while tsRNAs remain the same, or both miRNA and tsRNA levels 

are changed (Fig.1d). Thus, simply using the RPM value to evaluate sncRNA expression 

changes is not sufficient and may cause systematic misinterpretation.

Northern blot analyses of multiple sncRNAs can be performed to normalize the expression 

levels between different conditions, by using the same total RNA input as a loading 

control10 (rather than using certain ‘housekeeping’ RNAs as internal control, as they may 

also change between the conditions). The results would provide the necessary additional 

information to evaluate the actual expression level of selected sncRNAs (e.g., miRNAs, 

tsRNAs and rsRNAs)10 under different conditions and could be used as the ‘anchor points’ 

to correctly interpret the RPM value. Notably, Northern blot can have cross hybridization 

on sncRNAs that share very similar sequences, and thus cannot always separate them but 

provide combined signals of these similar sequences. Alternatively, spike-in RNA added 

during library construction can facilitate the quantification of sncRNAs in a sample66 and 
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can be used as internal controls to normalize the expression of sncRNAs between two 

samples.

However, it should be noted that adding spike-in RNA into RNA samples with the same total 

RNA quantity will be problematic if the same quantity of total RNA between the two groups 

is contributed by different numbers of cells. For example, certain cancer cells generate 2–3 

times more total RNA than normal cells67; if equal spike-in RNAs are added according to 

total RNA levels, this will lead to underestimation of the sncRNA expression level in cancer 

cells. Solution to such situation could be either performing Northern blots with or adding 

spike-in RNA into RNA samples extracted from an equal number of cells instead of based 

on equal RNA quantity. Ideally, future endeavours would aim to add spike-in RNAs at the 

single-cell level and thus open the venue to absolute quantification of sncRNAs of individual 

cells when combined with improved protocols such as PANDORA-seq.

New era for direct and multiplexed mapping of all RNA modifications in 

sncRNAs

Beyond the primary RNA sequence, the complex modifications on sncRNAs were 

previously neglected, but increasing evidence has now demonstrated that RNA modifications 

represent an additional layer of information that is integral to the function of sncRNAs 

by regulating RNA stability, structure, binding potentials and extracellular molecular 

interactions48, 68-70. This issue has become particularly significant for the emerging 

noncanonical sncRNAs that are derived from highly modified precursors such as tRNAs, 

which harbour more than 150 types of modifications71. However, by far many modifications 

of sncRNAs remain undetectable or underexplored because the current mainstream ‘RNA-

seq’ methods are in fact sequencing the cDNA intermediate of RNAs, and the conversion of 

RNA to cDNA has resulted in the loss of most RNA modification information. The existing 

tools for site-specific high-throughput mapping of RNA modifications are mainly for long 

RNAs and are limited only to a few well-known modifications (e.g., 5-Methylcytosine 

(m5C), N6-methyladenosine (m6A), pseudouridine (ψ), inosine (I), N1-methyladenosine 

(m1A) and N4-acetylcytidine (ac4C)). Commonly used approaches included antibody-

dependent methods, chemical conversion of the targeted modifications into a distinguishable 

base72-80, and the newly developed nanopore-based direct RNA sequencing81-83, but these 

methods usually analyze only one modification type at a time. Other methods, such as 

inferring the nucleotide misincorporation during reverse transcription, can simultaneously 

deduce the distribution of multiple RNA modifications84-86, but only in a qualitative and not 

quantitative manner, and suffer from false positive calling due to multiple factors including 

the selection of the RT enzyme, the reaction conditions, and the accuracy of the algorithm87. 

In short, there are currently no efficient methods for high-throughput, comprehensive, 

quantitative mapping of multiple types of modifications in sncRNAs, or RNAs in general.

While different methods are continuously being developed or improved based on sequencing 

of cDNA intermediates to identify RNA modifications88, it has become an imminent 

concern that the intrinsic nature of complex RNA modifications has made the cDNA-based 

approaches inefficient and inadequate to resolve the full scope of RNA modifications; 
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thus the field urgently needs transformative methods that can directly sequence RNA 

and simultaneously identify all modifications89. Currently, two classes of methods are 

being explored for direct RNA sequencing and quantitative multiplexed mapping of RNA 

modifications, either based on mass spectrometry (MS) or nanopore technology.

Mass spectrometry: old dog, new tricks

Liquid chromatography–tandem mass spectrometry (LC-MS/MS) has been widely used to 

analyze RNA modifications and is considered the ‘gold standard’ to quantify modifications 

in an RNA sample, because compared to other indirect methods, such as antibody-based 

and cDNA conversion-based modification detection, MS directly measures a specific RNA 

fragment (or a single nucleotide) based on its physical properties such as retention time and 

molecular mass (similar to the use of MS to determine peptide sequence)90. However, when 

RNAs are digested into smaller fragments or single nucleotides before MS examination, 

the positional information is lost. Thus, obtaining the RNA modification information within 

an RNA sequence context usually relies on the complementary methods, such as reference 

sequences provided by NGS-based RNA-seq91.

In theory, using MS to directly measure RNA sequences and RNA modifications is possible 

and attractive92; if an RNA can be uniformly degraded into a mass ladder, the RNA 

sequence and the modification information can be directly ‘read’ according to the mass 

shift along the ladder, which is conceptually similar to the Sanger sequencing strategy in 

regard to the formation of a DNA ladder (Fig.2a). However, a high-quality RNA mass ladder 

cannot be easily generated by random RNA degradation or by specific enzymatic cleavage93.

In 2015, a landmark paper from the Jack Szostak lab overcame this challenge by developing 

an generalized and efficient way to fragment RNA in a controllable manner followed by 

2D mass-retention time analysis of the resulting RNA fragments by LC separation, which 

permits the generation of perfect RNA mass ladders for direct RNA sequencing93 (Fig.2a). 

The key success of the method is the application of a time-controlled protocol for RNA 

degradation by formic acid, generating RNA fragments of different lengths to form perfect 

mass ladders in both the 3’-5’ and 5’-3’ directions, which enables de novo bidirectional 

sequencing of the RNA sample along with the site-specific RNA modifications.

This first success was followed by further methodological improvements, including 

optimizing the RNA degradation protocol to more evenly generate RNA fragments of 

different lengths and using a hydrophobic end-labelling strategy to add different chemical 

labels at the 3’ and 5’ ends of the fragmented products, which enhanced the identification of 

the differentially labelled 2D mass ladders and enabled the reading of the complete sequence 

of a given RNA from either the 3′- or the 5′-end, rather than requiring paired-end sequences 

from both directions94 (Fig.2a). With the proper algorithm and automated analysis, the 

improved method has been used to de novo sequence a complete purified yeast tRNAphe 

with all eleven RNA modifications95. Through further improvements involving increased 

MS read length (~80 nt) and advanced algorithms, the MS ladder complementation 

sequencing (MLC-seq) was developed to assemble full MS ladders from partial ladders 

with missing ladder components, making it possible to de novo sequence RNAs with 

relatively low abundance96. In a recent application, MLC-seq analysis of tRNAGlu extracted 
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from mouse liver accurately pinpointed the location of modifications in tRNAGlu and 

their stoichiometric changes upon the treatment with the dealkylating enzyme AlkB, and 

uncovered new RNA modifications that had not been reported for tRNAGlu 96. MLC-seq will 

be particularly useful for the study of highly modified RNAs such as tRNAs/tsRNAs, and 

address open questions such as the tissue-specific differences in tRNAs/tsRNAs in regard to 

both sequence and modifications under normal and disease conditions.

These series of MS-based methodological developments have unleashed a path to 

simultaneously identify the sncRNA sequence and RNA modifications with single-

nucleotide and stoichiometric precision, although they need further development to reach 

high-throughput. Future development of comprehensive MS reference database of various 

types of tRNAs (or other sncRNAs), along with optimized bioinformatic tools, would enable 

a path to increase scalability and thus to sequence RNA mixtures with increased complexity.

Nanopore technology: a vigorous teenager to be trained

Nanopore technology is inspired by and derived from the elegant structures of natural 

membrane ion channels and was first utilized in 1996 to detect and identify single-stranded 

DNA and RNA based on the alterations in ionic current as they pass through the channel 

pore97. With continuous improvements in the recent decades, nanopore technology is now 

bringing a revolution in direct DNA/RNA sequencing due to its unique characteristics 

including label-free, amplification-free, and real-time detection of DNA/RNA at single 

molecule level with long-read capacity98, which also holds great promise to directly 

determine the identity of the associated RNA modifications if they generate distinguishable 

ionic currents.

Indeed, nanopore-based direct sequencing has recently enabled the direct mapping of 

several RNA modifications including m6A, ψ and 2′-O-methylation81-83, achieved by 

machine learning-based ‘base-calling’ algorithms for each specific modification. However, 

the simultaneous detection of multiple RNA modifications on a single RNA strand remains 

extremely difficult, especially for highly modified RNAs such as tRNAs. A recent attempt 

using Oxford Nanopore MinION to comparatively sequence purified biological tRNAs 

(from E. coli ) versus corresponding synthetic non-modified tRNAs has revealed systematic 

miscalls at or adjacent to the positions of known modified nucleotide positions when 

sequencing biological tRNA samples99. These miscalls could not be correctly assigned to 

specific modifications by current algorithms. Additionally, the reading accuracy of synthetic 

non-modified tRNAs is lower than that of mRNAs99, suggesting that the current method is 

not well-adapted for short RNAs (e.g., tRNAs and sncRNAs) and awaits improvement, such 

as ligating the tRNA/sncRNA to longer adapter RNAs with optimized sequences.

One major difficulty in accurately mapping RNA modification using nanopores is that 

the presence of modification at a specific location will change not only the ion current 

of the modified nucleotide but also that of the unmodified nucleotides nearby100, 101 

(due to the chemical/physical nature of the nanopore protein) (Fig.2b). This has created 

substantial difficulties in the training of algorithms, especially for highly modified sequences 

such as tRNA/tsRNAs where the effects of different RNA modifications may overlap and 

generate complicated situations. In theory, this problem might be conquered by synthesizing 
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thousands of different standard RNA sequences with single and/or multiple modifications 

(either the same or mixed types) inserted at different positions, followed by intensive 

deep-learning algorithm training (Fig.2b). However, this direction faces another practical 

difficulty, as many standard RNA modifications currently cannot be readily synthesized. 

This problem may require intensive technical investments, as it represents a major hurdle for 

future experimental design and algorithm development.

Another direction for improving the capacity and accuracy of nanopore-based RNA 

modification detection is to genetically redesign or engineer (e.g., site-specific mutation) 

either the main pore or the motor protein of the existing nanopores, or both, or to choose 

completely different pores (e.g., new membrane proteins or solid-state non-protein pores 

made of novel nanomaterials) and/or motor proteins that may recognize and distinguish 

RNA modifications with better resolution (Fig.2b). Notably, the previous lack of protein 

pore candidates is due largely to the lack of knowledge on the crystal structures of many 

membrane proteins, but now with the aid of Alphafold, which provides open access to 

protein structure predictions of thousands of membrane proteins102, the candidate pool is 

substantially increasing, which may lead to the selection of more specific pores that would 

be optimal for the sensitive detection of both RNAs and RNA modifications.

Finally, PacBio’s Single-molecule, real-time (SMRT) reverse transcription of RNA also has 

the potential to directly detect multiple RNA modifications from the RNA template through 

analysing the kinetics of the reverse transcriptase using Zero-mode waveguides (ZMWs)103, 

which represents another direction for future exploration.

Conclusion and perspectives

The systematic capture of all sncRNA sequences with all modifications is a grand dream, but 

even its accomplishment would represent only a first step. Another major challenge concerns 

the subcellular spatial compartmentalization of sncRNAs. In fact, the past few years have 

witnessed great advances in the spatial mapping of the transcriptome at the single-cell level 

based on in situ hybridization, either through multiplexed imaging104 or by sequencing105 

approaches. However, these methods are mostly optimized for long RNAs such as mRNAs, 

while the short length of sncRNAs has limited the options in designing nucleic acid probes, 

and the probe may bind to multiple targets (e.g., both sncRNAs and their precursors); thus, 

the locations of sncRNAs would be difficult to determine with accuracy. Additionally, many 

RNA modifications and RNA structures in sncRNAs can prevent efficient hybridization in 

situ. These are among the practical issues that must be resolved before the systematic spatial 

mapping of sncRNAs at subcellular resolution.

A deeper and long-standing question posed regarding the expanding universe of sncRNAs 

is about their function and the versatile ways to achieve it, especially when they are 

spatially condensed and compartmentalized within the cell. We have chosen to use the 

word ‘RNA code’ to describe the complex information represented by the whole repertoire 

of sncRNAs106, which includes but is not limited to their linear sequence and site-specific 

RNA modifications, their interaction potential with target RNAs, DNA, and RNA-binding 

proteins, as well as the social behaviour of sncRNAs within (and between) cells, such as the 
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competition of and synergistic effects on mutual targets. How to systematically decode this 

information of astronomical complexity remains extremely challenging even with decades of 

experimental and computational approaches, especially when considering the physiological 

relevance under normal and disease conditions. However, paradigm-changing tools are 

constantly emerging such as the recent use of deep learning programs to systematically 

predict RNA107 and protein102 3D structures, which should also make the systematic 

prediction of RNA-protein interactions only be a matter of time. These fast-evolving tools 

would bring new excitement to cracking the ‘RNA code’ enabled by the complexity of the 

sncRNA universe, which represents an endless frontier worthy of deep exploration by new 

generations of human (and machine) intelligence.
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Box 1.

A unified naming system for sncRNAs derived from longer RNA precursors

Studies of noncanonical sncRNAs have been constantly accumulating and have reached 

the critical mass to become a new branch of RNA biology. However, the lack of a unified 

naming system has led to a variety of naming styles. For example, sncRNAs derived from 

tRNAs have been reported by different labs in different contexts under different names 

including tRNA-derived small RNAs (tsRNAs)24, 29, 108, tRNA-derived small RNAs 

(tDRs)56, tRNA-derived stress-induced RNAs (tiRNAs)31, 39, 109 and tRNA fragments 

(tRFs)28, 43, 110. Here, we propose a unified nomenclature for noncanonical sncRNAs that 

are derived from well-characterized longer RNA precursors, as shown in the table below, 

which is used throughout this paper to reduce confusion when describing discoveries 

from different labs and has the potential for further use in the research community. While 

some labs may retain the initially reported names, it would be ideal to also include the 

new unified names in future publications to reduce confusion, especially for readers who 

are new to the field. More detailed naming criteria to label individual sncRNAs in each 

category (e.g., tsRNAs) would need the group efforts of each community.

Precursor RNAs Derivative sncRNAs

Transfer RNA (tRNA) tRNA-derived small RNA (tsRNA)

Ribosomal RNA (rRNA) rRNA-derived small RNA (rsRNA)

Y RNA (yRNA) yRNA-derived small RNA (ysRNA)

Vault RNA (vtRNA) vtRNA-derived small RNA (vtsRNA)

Small nuclear RNA (snRNA) snRNA-derived small RNA (snsRNA)

Small nucleolar RNA (snoRNA) snoRNA-derived small RNA (snosRNA)

Long non-coding RNA (lncRNA) lncRNA-derived small RNA (lncsRNA)

Messenger RNA (mRNA) …… mRNA-derived small RNA (msRNA) ……
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Box 2.

Main sources of sequencing bias in sncRNA discovery and ways to 
conquer

Among many sources of sequencing biases60, one major aspect comes from adapter 

ligation process during cDNA library construction (Fig.1a,b). The ligation process is 

designed to (ideally) add adapter sequences to the termini of all sncRNAs in the pool; 

however, in reality, different sncRNAs harbour distinct termini generated by different 

enzymes and thus cannot be uniformly ligated. For example, sncRNAs generated by 

Dicer (e.g., siRNAs and miRNAs) and RNase P/RNase Z (e.g., a portion of tsRNAs) 

bear a 5′-phosphate (5′-P) and a 3′-hydroxyl (3′-OH) termini108, whereas sncRNAs 

generated by RNase T2/RNase A (e.g., many tsRNAs and rsRNAs) bear 5′-hydroxyl 

(5′-OH) and 2′,3′-cyclic phosphate (2′,3′-CP)8 termini, and the 2′,3′-CP can be further 

hydrolysed to a 3’-phosphate (3’-P)111. In practice, the most widely used sncRNA 

sequencing protocol is optimized for those bearing 5′-P and 3′-OH termini, and thus, 

the sncRNAs with 2′,3′-CP/3’-P and/or 5’-OH termini cannot be ligated and will not be 

included in the cDNA library10. Solutions to this problem include the use of enzymes to 

convert the termini, such as the use of T4PNK to convert 2′,3′-CP/3’-P into 3’-OH, and 

5′-OH into 5’-P before the ligation process112, or combining with a template-switching 

strategy to add a 5’ adapter to the cDNA after the reverse transcription, instead of directly 

adding a 5’ adapter to the RNA113, 114, which can resolve most problems caused by 5’ 

terminal modifications.

The second major source of bias comes from the reverse transcription (RT) process, 

which converts the adapter-ligated RNA into cDNA (Fig.1c). Several RNA modifications 

(e.g., m1A, m3C, m1G, and m2
2G) can interfere with the RT process, either by 

preventing the passage of reverse transcriptase or generating misincorporation at the 

modified loci47, 115, 116. Under the traditional protocol, if the RT process is interrupted 

before reaching the 5’ terminus, this truncated cDNA will not be further amplified 

from the 5’ end during the following PCR and therefore will not be detected. The 

solution could be either using enzymes to remove these RT blocking modifications (e.g. 

AlkB)47, 115, 116, or using a high-processive reverse transcriptase (e.g. TGIRT, BoMoC) 

to read through the modifications without being blocked117, 118. The latter approach 

retains the misincorporation, which can be used to infer the nature of the modification86.
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Box 3.

Blind men and the elephant

If the history of sncRNA research, or RNA research in general, has taught us anything, 

it would be that the old views and rules are constantly being overturned to forge new 

ones119. This may remind us of the old parable of ‘The blind men with the elephant’: 

we often have a tendency to be obsessed with the contemporary discoveries and try to 

use the existing knowledge to explain biological observations, yet every time when new 

knowledge arrives, we realized that we have seen only part of the larger picture. It seems 

that the only question is when we might reach an end.

While in this Perspective we describe miRNA, siRNA and piRNA as canonical sncRNAs 

and describe other sncRNAs derived from longer RNA precursors as noncanonical, 

we may keep in mind that in principle, all RNA sequences (sometimes tuned by 

RNA modifications) harness base-pairing to bind to their DNA/RNA targets, and their 

interactions with protein targets are based on their molecular structure. For example, 

earlier studies using CLASH, an experimental approach to identify RNA-RNA duplexes 

associated with Argonaute proteins in vivo, focused on revealing the RNA targets of 

miRNAs120 or piRNAs121; however, later, more comprehensive analyses using these 

same datasets have revealed extensive tsRNA-mRNA interactions122, 123, rsRNA-mRNA 

interactions124, and even interactions between sncRNAs124. Further analyses extending to 

the potential interactions between other sncRNAs and long RNAs are highly possible and 

await discovery.
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Fig.1. Methods to overcome biases in sncRNA discovery and cautions in interpretation of 
sncRNA sequencing results.
(a,b,c) Illustrations of the main sources of and solutions to sequencing bias in sncRNA 

discovery. (a) Bias in 3’ adapter (green line) ligation due to the existence of 3’-phosphate 

(3′ -P) and 2′ ,3′ -cyclic phosphate (2′ ,3′ -cP) etc. The solution involves using enzymes 

to convert the 3’-terminus into hydroxyl (3′ -OH) before ligation. (b) Bias in 5’ adapter 

(green line) ligation due to the existence of 5′ -hydroxyl (5′ -OH), 5’-triphosphate group 

(5’-ppp), and 5’-m7GpppN cap structure (5’-Cap) etc. The solution involves either using 

enzymes to convert the 5’-terminus into a 5′ -phosphate (5′ -P) before ligation, or using 

a template-switching strategy to add the adapter to the intermediate cDNA rather than in 

the RNA. (c) Bias in reverse transcription (RT) process due to the RNA modifications 

(e.g., m1G, m1A, m3C, and m2
2G). The solution involves either using enzymes (e.g., 

AlkB) to demethylate these RT blocking modifications, or using high-processive reverse 

transcriptases (e.g., TGIRT) to directly read through the modifications. Emerging methods 

such as PANDORA-seq10 and CPA-seq14 have started to resolve the abovementioned three 

aspects of bias and substantially improved panoramic sncRNA discovery. (d) Illustrative 

figure shows that altered sncRNA profiles from sncRNA sequencing results, which are 

based on the relative expression level represented as reads per million (RPM) and could be 

derived from multiple intrinsic situations. Thus, the actual changes in sncRNA expression 

level could not be identified solely based on the sncRNA sequencing results but will need 

additional analyses.
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Fig.2. Two methods for future direct sequencing of RNA and multiplexed mapping of RNA 
modifications without cDNA intermediates.
(a) Main concept and workflow for mass spectrometry-based de novo sequencing of 

modified sncRNA, which involves the controlled fragmentation of RNA (by formic 

acid) into ladder fragments, followed by LC-MS measurement of the resultant RNA 

fragments, generating sequence of both canonical and modified nucleosides based on mass 

signature. Note that additional methods are needed to distinguish modified nucleotides 

with the same mass shift. For example, the sensitivity to AlkB treatment can be used 

for distinguishing between m1A and m6A, or between m1G and m2G, where m1A, m1G 

and m3C can be demethylated by AlkB96; nucleotides with 2-O’-methylation (Am, Um, 

Cm, and Gm) can prevent the acid hydrolysation and thus generate a mass gap in the 

mass ladder93, 94; and chemical conversion of ψ to CMC-ψ (by reaction with N-cyclohexyl-

N′-(2-morpholinoethyl)-carbodiimide metho-p-toluenesulfonate (CMC)) to distinguish ψ 
from U94. (b) Illustrative figure showing that some RNA modifications will change not 

only the ion current of the modified nucleotide but also that of the adjacent unmodified 

nucleotides, and the combinatorial effect of two modifications on the ion current of adjacent 

nucleotides remains largely unexplored. Two main directions for future improvements of 

nanopore-based direct sequencing are shown in the figure, and ideally will be applied 

together.
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Table 1

Recent methods to improve sncRNA sequencing (NGS) by overcoming specific RNA modifications

Method Resolving terminal
modifications to improve

ligation

Resolving internal
modifications to improve

reverse transcription (RT)

Other features and concerns

ARM-Seq47 Unresolved • AlkB treatment to 
remove RNA 
modifications that 
block RT

• Potential degradation of 
longer RNAs (e.g., tRNAs) 
during AlkB treatment 
would generate RNA 
fragments which will be 
sequenced as artifacts10

cP-RNA-
seq125

• A series of treatments by 
Alkaline Phosphatase, Calf 
Intestinal (CIP), periodate, 
and then T4PNK to 
selectively capture the RNAs 
with 2′,3′-cP at their 3′ 
termini

Unresolved • Selectively sequence the 
2′ ,3′ -cP containing 
sncRNAs

• sncRNAs containing both 
2′,3′-cP and other RT 
blocking modifications 
could be missed

improved 
RNA-seq112

• T4PNK treatment converts 
3’-P and 2’,3’-cP at 3’ 
terminal into 3-OH; converts 
5’-OH at 5’ terminal into 5’-
P

Unresolved

5´XP sRNA-
seq114

• Simultaneously captures 5’-
P and non-5’-P RNAs with 
the 5’-P RNA tagged with a 
sequence to be distinguished 
during bioinformatic analyses

• 3’-P, 2’,3’-cP unresolved

Unresolved • Enables comparative 
analysis of 5’-P and 
non-5’-P sncRNAs

• The analyses limited to 
sncRNAs that have a 3’-
OH and do not have RT 
blocking modifications

TGIRT-
Seq117

• T4PNK treatment converts 
3’-P and 2’,3’-cP at 3’ 
terminal into 3-OH

• Template-switching activity 
by TGIRT adds adapter to 
3’ end of cDNA instead of 
5’end of RNA, thus resolve 
5’ RNA modifications

• Highly processive 
reverse 
transcriptase 
TGIRT to read 
through RNA 
modifications

• Simultaneous profiling 
of longer RNAs (e.g., 
mRNAs and lncRNAs)

• TGIRT cannot always read 
though RNA modifications 
and need reaction 
condition optimization86

AQRNA-
seq66

• Alkaline Phosphatase 
treatment to convert 3’-P into 
3’-OH, 5’-P into 5’-OH

• Add adapter to 3’end of 
cDNA instead of 5’end of 
RNA

• 2’,3’-cP unresolved

• AlkB treatment to 
remove RNA 
modifications that 
block RT

• Quantification of sncRNAs 
by adding spike-in RNAs 
in the sample

CPA-seq14 • Cap-Clip treatment removes 
the 5′-cap and 5′-ppp to 
generate 5′-P

• T4PNK treatment converts 
3’-P and 2’,3’-cP at 3’ 
terminal into 3-OH; converts 
5’-OH at 5’ terminal into 5’-
P

• AlkB treatment to 
remove RNA 
modifications that 
block RT

• Highly processive 
reverse 
transcriptase 
TGIRT to read 

• Deacylation buffer (pH = 
9.0) to remove aminoacyl 
residues in 3-’tsRNAs

• Potential degradation of 
longer RNAs (e.g., tRNAs) 
during AlkB treatment 
would generate RNA 
fragments which will be 
sequenced as artifacts10
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Method Resolving terminal
modifications to improve

ligation

Resolving internal
modifications to improve

reverse transcription (RT)

Other features and concerns

through RNA 
modifications

PANDORA-
seq10

• T4PNK treatment converts 
3’-P and 2’,3’-cP at 3’ 
terminal into 3-OH; converts 
5’-OH at 5’ terminal into 5’-
P

• AlkB treatment to 
remove RNA 
modifications that 
block RT

• Pre-size selection (<50 
nt RNA) eliminate 
fragmentation of longer 
RNA (e.g., tRNAs) by 
AlkB treatment

• Data analysis by 
SPORTS65 to improve 
noncanonical sncRNA 
identification and 
characterization

Different Experimental strategies are used to resolve and reduce biases during cDNA library construction of sncRNAs that are caused by adaptor 
ligation bias and RT blocking, along with other improvements.
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