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Small RNAs are ubiquitous regulators of gene expression that participate
in nearly all aspects of physiology in a wide range of organisms. There are
many different classes of eukaryotic small RNAs that play regulatory roles
at every level of gene expression, including transcription, RNA stability, and
translation. While eukaryotic small RNAs display diverse functions across
and within classes, they are generally grouped functionally based on the
machinery required for their biogenesis, the effector proteins they associate
with, and their molecular characteristics. The development of techniques
to clone and sequence small RNAs has been critical for their identification,
yet the ligation-dependent addition of RNA adapters and the use of reverse
transcriptase to generate cDNA in traditional library preparation protocols
can be unsuitable to detect certain small RNA subtypes. In particular, 3′ or
5′ chemical modifications that are characteristic of specific types of small
RNAs can impede the ligation-dependent addition of RNA adapters, while
internal RNA modifications can interfere with accurate reverse transcription.
The inability to clone certain small RNA subtypes with traditional protocols
results in an inaccurate assessment of small RNA abundance and diversity,
where some RNAs appear over-represented and others are not detected.
This overview aims to guide users on how to design small RNA cloning
workflows in eukaryotes to more accurately capture specific small RNAs of
interest. Hence, we discuss the molecular biology underlying the identification
and quantitation of small RNAs, explore the limitations of commonly used
protocols, and detail the alternative approaches that can be used to enrich
specific small RNA classes. © 2022 Wiley Periodicals LLC.
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INTRODUCTION
Small RNAs play important roles in gene

expression regulation in all domains of life
(Cech & Steitz, 2014; Gelsinger & Dirug-
giero, 2018). While the term is rather ar-
bitrary, “small RNA” generally refers to

18-40 nucleotide (nt), non-coding regulatory
RNAs in eukaryotes (Kim, Han, & Siomi,
2009). The distinction is particular to eukary-
otic organisms, as small RNAs in prokary-
otes are often significantly larger (up to
500 nt) (Carrier, Lalaouna, & Massé, 2018).
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Eukaryotic small RNAs predominately as-
sociate with effector proteins called Arg-
onautes (AGO) and function in RNA inter-
ference (RNAi)-related pathways (microR-
NAs, piRNAs, and endo-siRNAs). More re-
cently, AGO-independent small RNA path-
ways have been described, such as those that
produce transfer RNA- and ribosomal RNA-
fragments. In this overview, we focus on meth-
ods to identify and quantitate eukaryotic small
RNAs and, thus, “small RNA” will reference
the definition presented above throughout the
review.

The first small RNA described, lin-4, was
discovered by Victor Ambros, Rosalind Lee,
and colleagues using genetic screens in the ne-
matode C. elegans (Lee, Feinbaum, & Am-
bros, 1993). While the lin-4 gene was found
to produce a 22-nucleotide RNA with par-
tial complementarity to the mRNA produced
by the lin-14 gene (which genetically inter-
acts with lin-4), the function of the lin-4 small
RNA was unclear at the time. Notably, it was
speculated that lin-4 could regulate the trans-
lation of lin-14, providing an accurate pre-
diction of its eventually determined function
as a microRNA (miRNA) (Lee et al., 1993;
Wightman, Ha, & Ruvkun, 1993). Five years
later, the compounding discoveries of RNAi
and another highly conserved miRNA (let-7)
in C. elegans, along with the discovery of
small-interfering RNAs (siRNAs) in plants,
established that small RNAs were not part
of a niche form of gene expression regula-
tion but rather ubiquitous regulators of cellu-
lar physiology in eukaryotes (Fire et al., 1998;
Hamilton & Baulcombe, 1999; Pasquinelli
et al., 2000; Reinhart et al., 2000). The 21st

century saw an explosion of small RNA re-
search, which was made possible by the de-
velopment of new techniques to fractionate
and clone small RNAs, along with the ad-
vent of high-throughput sequencing technolo-
gies. These advances have led to the dis-
covery of a myriad of novel small RNA se-
quences and regulatory functions in differ-
ent organisms, as well as distinctive small
RNA classes with unique molecular charac-
teristics (Girard, Sachidanandam, Hannon, &
Carmell, 2006; Lee, Shibata, Malhotra, &
Dutta, 2009). While high-throughput sequenc-
ing has revealed a whole complement of small
RNA subtypes, with an array of biological
functions, the molecular characteristics of dif-
ferent small RNA classes (including internal
and 5′ and 3′ end RNA modifications) demand
careful experimental design in order to capture
certain small RNAs of interest that may not be

detected using standard protocols and work-
flows. To address these issues, techniques have
been—and are continuing to be—developed to
chemically modify and, ultimately, capture all
of the small RNAs in a biological sample for
detection by sequencing.

In this overview, we discuss current meth-
ods of cloning eukaryotic small RNAs, and
the known limitations and bias when design-
ing small RNA-sequencing experiments us-
ing traditional cloning protocols, that is, those
that depend on 5′ and 3′ adapter ligation and
traditional reverse transcriptases. Each class
of small RNA harbors unique characteristics
that need to be considered to select the most
appropriate cloning protocol. Therefore, we
first discuss the biogenesis pathways of each
small RNA class and describe how the molec-
ular characteristics of certain small RNAs
can limit their detection. We then review the
current methods and workflows that incor-
porate this information to successfully clone
and sequence different classes of small RNAs.
Lastly, we consider novel methods and the fu-
ture direction of small RNA cloning and se-
quencing.

CLASSES OF SMALL RNAs

siRNAs and Endo-siRNAs
RNA interference (RNAi) refers to the

mechanism by which double-stranded RNA
(dsRNA) can direct sequence-specific sup-
pression of gene expression. Both exoge-
nously introduced and endogenously pro-
duced dsRNA are recognized in the cyto-
plasm and cleaved by the RNase-III enzyme
Dicer into shorter dsRNA molecules called
small-interfering RNAs (siRNAs), which are
∼20 nt long and have symmetrical 2 nt 3′ over-
hangs (Bernstein, Caudy, Hammond, & Han-
non, 2001). One of the strands of this siRNA
duplex is then loaded into the small RNA ef-
fector protein AGO (Fig. 1). This complex
is referred to as the RNA-Induced Silencing
Complex (RISC), which can target, through
base pairing, mRNAs with perfect comple-
mentarity to the siRNA sequence, thereby ini-
tiating endonucleolytic cleavage of the tar-
get RNA using the slicer activity of AGO
(Ghildiyal & Zamore, 2009). Since the dis-
covery by Andrew Fire, Craig Mello, and col-
leagues in 1998 that experimentally admin-
istered exogenous dsRNA can trigger RNAi
in C. elegans, it has been found that organ-
isms also utilize the RNAi-pathway endoge-
nously to control gene expression to regulate
all aspects of cellular physiology (Kim et al.,
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Figure 1 Biogenesis of small RNAs in animals. Small RNA biogenesis begins with the transcrip-
tion of RNAs that can act as precursors for small RNAs, which are subsequently exported to the
cytoplasm (in some cases after processing in the nucleus for example, microRNAs [miRNAs])
and processed into mature small RNAs, including miRNAs, endogenous small interfering RNAs
(endo-siRNAs), transfer-RNA (tRNA) fragments (tRFs), and piRNAs. The mature small RNAs are
then loaded into their respective effector proteins to elicit their given cellular function. As a re-
sult of the different enzymes involved in the processing of each small RNA subclass, the 5′ and
3′ ends harbor different chemical structures. Abbreviations: P, phosphate; OH, hydroxyl; 2′-OCH3,
2′-O-methylation; cP, cyclic phosphate.

2009; Mello & Conte, 2004). Additionally,
the ability of artificially introduced exoge-
nous dsRNA to direct gene silencing in cells
and organisms has proven to be a powerful
tool that has been harnessed experimentally
in most organisms to identify the function of
specific genes via reverse genetics (Wolters &
Mackeigan, 2008).

A different class of small RNAs, termed
endo-siRNAs, are derived from endogenous
sources of dsRNA precursors that can orig-
inate from a variety of sources, including
transposon transcripts and sense-antisense
transcripts derived from convergent tran-
scription events, pseudogenes, and long
stem-loop structures (Okamura & Lai, 2008).
The production of endo-siRNAs in flies
(D. melanogaster) and mammals relies on
Dicer processing dsRNAs into siRNAs that are
then loaded into AGO (Fig. 1). While a single
Dicer enzyme is involved in both miRNA and
endo-siRNA biogenesis in mice, flies have
two separate pathways for miRNA and endo-
siRNA biogenesis, each with a specific Dicer
enzyme (Czech et al., 2008) (see also next sec-

tion). Conversely, in C. elegans, endo-siRNAs
are synthesized by an RNA-dependent RNA-
polymerase (RdRP) from mRNA templates,
resulting in antisense small RNAs that are
then loaded into AGO proteins. Together,
endo-siRNAs and Argonautes (>20) regulate
nearly all aspects of the worm’s life cycle by
regulating gene expression via a wide variety
of pathways and mechanisms (Ketting &
Cochella, 2021). Although the biogenesis of
endo-siRNAs differs by species, endo-siRNAs
perform conserved biological functions, in-
cluding repressing transposons, modulating
chromatin organization, and regulating gene
expression (Cecere & Grishok, 2014; Morris,
Chan, Jacobsen, & Looney, 2004).

miRNAs
miRNAs encompass the most extensively

studied class of small regulatory RNAs. In
animals, and unlike endo-siRNAs, their bio-
genesis requires the action of two RNase
III-endonucleases, Drosha and Dicer (Ha &
Kim, 2014) (Fig. 1). The canonical path-
way of miRNA biogenesis begins with
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transcription of the miRNA gene by RNA
polymerase II, generating a primary-miRNA
(pri-miRNA) transcript that encodes a palin-
dromic sequence that results in the generation
of a double-stranded hairpin RNA. The hair-
pin structure is then recognized and bound
in the nucleus by a dsRNA binding (DRB)
protein, Dgcr8. Dgcr8 positions Drosha on
the pri-miRNA to ensure an accurate and
efficient Drosha-catalyzed cleavage, which
frees the stem-loop of the hairpin and pro-
duces the precursor-miRNA (pre-miRNA).
The liberated pre-miRNA is then bound by
Exportin-5 (XPO5) for export to the cyto-
plasm. In the cytoplasm, the pre-miRNA
is bound by a second DRB protein, TRBP
(transactivation response element RNA-
binding protein), which accurately positions
Dicer on the pre-miRNA stem-loop to ensure
the efficient Dicer-catalyzed liberation of the
miRNA/miRNA* duplex. This duplex fea-
tures 2-nt overhangs at both 3′ ends, with both
molecules containing a 5′ monophosphate
and a 3′ -OH. The miRNA/miRNA* duplex is
subsequently loaded into AGO, which retains
one duplex strand (the so-called miRNA
guide strand), to form an activated miRISC
(miRNA induced silencing complex), while
simultaneously releasing the other strand
(the miRNA* passenger strand) (Fig. 1). The
miRNA guide strand provides the sequence
specificity needed to direct the assembled
complex to target transcripts, analogous to
RISC (Ha & Kim, 2014). In contrast to
RISC, however, miRISC target recognition
does not require perfect complementarity
between the entire ∼22 nt loaded miRNA and
the mRNA target. Rather, the specificity of
binding is dominated by the six-nucleotide
sequence situated from positions 2-7 of the
5′ termini of the miRNA, referred to as the
“seed” sequence (Bartel, 2009). It should be
noted, however, that other types of targeting
including supplemental base-paring outside
of the seed sequence, and “centered-site”
seed targeting can also occur (Shin et al.,
2010). In mammals, miRNA binding sites
almost exclusively lie in the 3′ untranslated
region (3′ UTR) of target transcripts, with the
regulation of gene expression mediated by
miRISC binding at these sites. Such regula-
tion is commonly achieved by destabilization
of the target mRNA, but can also happen by
repressing translation (Jonas & Izaurralde,
2015). Conversely, plant miRNAs have high
complementarity to their target genes and,
since full mRNA:target miRNA complemen-
tarity induces AGO endonuclease activity,

almost always regulate gene expression by
mRNA cleavage of the target gene (Brodersen
& Voinnet, 2009). While repression of gene
expression remains the most comprehen-
sively evidenced action of miRNAs, these
small RNAs have also been demonstrated to
stimulate target gene expression (Vasudevan,
2012).

piRNAs
PIWI-interacting RNAs (piRNAs) are a

class of endogenously derived small RNAs
that are primarily expressed in the germline
of metazoans (Iwasaki, Siomi, & Siomi,
2015). Originally identified in Drosophila
melanogaster (Aravin et al., 2001), piRNAs
play a crucial role in maintaining the fidelity
of gametogenesis and fertility by protecting
the germline against invasive “non-self” nu-
cleic acid sequences such as transposons or
viruses. To prevent transposon mobilization
in the germline, piRNAs engage in a variety
of processes, including heterochromatin for-
mation, DNA methylation, and, most promi-
nently, PIWI-directed degradation of target
RNAs (Ozata, Gainetdinov, Zoch, O’Carroll,
& Zamore, 2019). To regulate the level
of “non-self” RNA targets in the germline,
piRNAs associate with the PIWI subfamily
of AGO proteins and direct endonuclease-
mediated transcript degradation. While piR-
NAs, miRNAs, and endo-siRNAs all share
the ability to modulate target RNA stability,
piRNAs differ from these two other types of
regulatory RNAs in several important ways.
Both miRNAs and endo-siRNAs are produced
from dsRNA precursors, while piRNAs are
produced from ssRNA precursors through a
separate Dicer-independent biogenesis path-
way (Kim et al., 2009) (Fig. 1). Further, while
endo-siRNAs rely on perfect complementar-
ity to their targets and miRNAs require com-
plementarity of a seed sequence to a target,
piRNA targeting exhibits seed sequence pair-
ing supported by additional base pairing (yet it
should be noted that the rules of piRNA target-
ing are still being uncovered) (Anzelon et al.,
2021).

While piRNAs have similar functions
across species, their sequences are highly di-
vergent, suggesting that piRNAs are involved
in an evolutionary host-pathogen “arms race,”
and must rapidly evolve to counteract trans-
poson activity and spreading throughout the
genome (Parhad & Theurkauf, 2019). piR-
NAs can be characterized into two general
categories based on their biogenesis: primary
piRNAs, which are processed from a directly
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transcribed precursor RNA, and secondary
piRNAs, which are produced by a “ping-
pong” amplification process (Iwasaki et al.,
2015). The MIWI-associated pachytene
piRNAs, which are expressed during the
meiotic stages of mouse spermatogenesis,
are an example of primary piRNAs (Beyret,
Liu, & Lin, 2012). 21U-RNAs in C. elegans
are another type of primary piRNA. These
are directly transcribed from their genomic
loci, processed, and then loaded into a PIWI
protein (PRG-1) (Batista et al., 2008). The
“ping-pong” amplification of secondary piR-
NAs occurs in germ cells to silence expressed
transposons. It uses primary piRNAs for the
cleavage of antisense transposon transcripts,
which then generate antisense secondary piR-
NAs that can then target the sense transposon
transcript. This thus creates a feed-forward
loop of post-transcriptional silencing (Bren-
necke et al., 2007; Gunawardane et al.,
2007). In keeping with the observation that
piRNA biogenesis is evolutionary divergent
across organisms while still exhibiting similar
mechanisms of transcriptional regulation,
the nematode C. elegans does not engage in
ping-pong amplification of piRNAs, but does
exhibit similar activity through the generation
of secondary siRNAs by RdRPs from primary
piRNAs (21U-RNAs), thereby representing
a similar mechanism of “amplification” of
primary piRNAs (Das et al., 2008). In addition
to their role in post-transcriptional regulation
of transposons, piRNAs and their PIWI ef-
fectors have been demonstrated to affect the
transcription of transposons by influencing
the deposition of H3K9me3 and DNA methy-
lation at their genomic loci (Pezic, Manakov,
Sachidanandam, & Aravin, 2014).

piRNAs are 21-35 nt in length and are typ-
ically characterized by a 5′- monophosphate
and a 2′ O-methyl-modified (2-OCH3) 3′ end
(Kirino & Mourelatos, 2007; Ohara et al.,
2007) (Fig. 1). This 2′ O-methylation mark is
added by the methyltransferase HEN1 during
maturation. Interestingly, while the presence
of the 2′-OCH3 modification among piRNAs
can interfere with standard ligation-dependent
cloning procedures, this chemical modifica-
tion can be leveraged to specifically enrich for
this type of RNA during library preparation
(see below) (Dard-Dascot et al., 2018; Munafó
& Robb, 2010).

Other Small RNAs
While investigations of endo-siRNAs,

miRNAs, and piRNAs represent the major-
ity of research on small RNA biogenesis and

function, the advancement of sequencing tech-
nologies and bioinformatics have uncovered
additional classes of small RNAs, includ-
ing some derived from tRNAs and rRNAs
that were previously thought to be random
degradation products (Lee et al., 2009). The
interrogation of the biogenesis and functions
of tRNA fragments and rRNA fragments is an
exciting new area of small RNA research, and
are thus briefly described below.

tRNA fragments (tRFs)
tRNA fragments, also known as tRFs or

tsRNAs, are small RNA fragments generated
by cleavage of tRNAs. These tRFs have been
implicated in cancer, neurodegenerative dis-
ease, viral infection, male germline matura-
tion, and aging (Kumar, Kuscu, & Dutta, 2016;
Magee & Rigoutsos, 2020; Soares & Santos,
2017). While the biogenesis of these RNAs
is poorly understood, tRFs have been demon-
strated to play roles in RNA silencing, trans-
lation regulation, and epigenetic inheritance,
as reviewed elsewhere (Kumar et al., 2016;
Magee & Rigoutsos, 2020; Soares & San-
tos, 2017). Stress-mediated cleavage of tRNAs
into 30-40 nt tRNA halves has been demon-
strated to occur in response to hypoxia, starva-
tion, viral infection, arsenite, heat shock, and
heavy-metal toxicity in mammalian cell cul-
ture and yeast. While the RNase A endonu-
clease Angiogenin cleaves some tRNAs into
tRFs in mammalian cell culture (Fu et al.,
2009), the stress-mediated biogenesis of most
tRF species is not dependent on Angiogenin,
suggesting that multiple factors contribute to
the cleavage of specific tRNAs (Su, Kuscu,
Malik, Shibata, & Dutta, 2019). For example,
in yeast, the RNase T2 endonuclease RNY1p
mediates tRNA cleavage in response to oxida-
tive stress (Thompson & Parker, 2009). Stress-
derived tRNA fragments are generally defined
as being 3′ - or 5′ -tRNA halves, and arise as
result of a cleavage event occurring within or
proximal to the anticodon loop. While these
endonucleases have been implicated in the
stress-mediated biogenesis of tRFs, the fac-
tors directing the endogenous biogenesis of
tRFs in either the physiological context of
germline maturation or the pathological con-
text of disease are poorly characterized. These
endogenous tRFs include tRNA halves, but
can also include smaller fragments character-
ized by cleavage sites within the other loops of
the tRNA “clover-leaf” structure.

The most well characterized example
of tRFs regulating cellular function is their
role in the inhibition of translation under Crocker et al.
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stress conditions. Angiogenin-induced tRNA
halves, such as the tRNAAla 5′ half, have been
shown to promote stress granule assembly in
human cells, thereby inhibiting translation by
segregating mRNA transcripts and translation
initiation factors away from the ribosome
(Emara et al., 2010; Lyons, Achorn, Keder-
sha, Anderson, & Ivanov, 2016; Yamasaki,
Ivanov, Hu, & Anderson, 2009). Additionally,
5′ tRFs from tRNAPro, tRNAVal, and tRNAGln

can directly interact with the ribosome, re-
sulting in the attenuation of translation due to
ribosome stalling or competition with mRNA
(Gebetsberger, Wyss, Mleczko, Reuther, &
Polacek, 2017; Gonskikh et al., 2020; Sobala
& Hutvagner, 2013). Further, 5′ tRFs from
tRNAGln have been demonstrated to bind to
and disrupt the stability of the Multisynthetase
Complex, leading to inhibition of ribosome
maturation and global translational repression
(Keam, Sobala, Ten Have, & Hutvagner,
2017; Mleczko, Celichowski, & Bąkowska-
Żywicka, 2018). Interestingly, a tRNAThr

3′ half has been implicated in promoting—
rather than inhibiting—translation following
nutrient deprivation in the parasite T. brucei,
suggesting that tRFs play diverse roles in
translational regulation (Fricker et al., 2019).
Under normal, non-stress conditions, endoge-
nously expressed tRFs have also been linked
to retrotransposon regulation, particularly in
the context of the early embryo and pluripo-
tent stem cells (Schorn, Gutbrod, Leblanc,
& Martienssen, 2017; Sharma et al., 2016).
Some tRFs control LTR-retrotransposon
transcription by interfering with the tRNA
primer binding site that is essential for reverse
transcription of the retrotransposon (Schorn
et al., 2017). Other reports indicate that a
Gly-GCC-derived tRF can regulate MERVL-
retroelement-associated genes by influencing
the levels of the U7 snoRNA, which, in turn,
regulates histone gene levels and influences
chromatin state (Boskovic, Bing, Kaymak,
& Rando, 2020). tRFs have also been sug-
gested to participate in post-transcriptional
gene silencing through mechanisms similar
to miRNAs or siRNAs (Chen et al., 2016;
Gustafsson et al., 2022; Molla-Herman et al.,
2020; Peng et al., 2012; Sharma et al., 2016,
2018; Shin et al., 2021; Zhang et al., 2018).

Notably, because mature tRNAs contain
a high percentage of modified nucleotides
(∼17% on average across all three domains of
life) and tRFs appear to be derived from ma-
ture tRNAs, tRFs are predicted to contain a
high level of internal RNA modifications rel-
ative to other small RNA species (Gustafs-

son et al., 2022; Jackman & Alfonzo, 2013).
These RNA modifications on tRFs can pre-
vent efficient cDNA generation by standard
reverse transcriptases, thereby resulting in re-
duced detection of these small RNA species in
small RNA sequencing datasets prepared with
standard methods. Furthermore, as will be dis-
cussed below, the endonucleolytic cleavage of
tRNAs into tRFs by RNase A and RNase T2
enzymes can leave distinct 2′-3′ -cyclic phos-
phate groups on tRFs’ 3′ termini and dephos-
phorylate the 5′ termini, both of which impede
the ligation of ssRNA adapters during small
RNA cloning. This limitation in ligation of
adapters to tRFs can result in reduced detec-
tion of these small RNAs when using standard
protocols. It was previously unclear whether
the enrichment of particular tRF species in
small RNA datasets reflects the endogenous
abundance of tRFs or whether the chemical or
physical structure of tRFs constrains efficient
cloning of certain fragments. Recent work to
understand the difficulties in cloning tRFs has
demonstrated that additional enzymatic treat-
ments and the use of alternative reverse tran-
scriptase enzymes must be used to capture the
full breadth of tRF species, as discussed in
Section: Small RNA Characteristics Affecting
Standard Protocols.

rRNA fragments (rRFs)
Ribosomal RNA fragments (rRFs) have

also been identified as abundant small RNAs
in sequencing datasets. These include frag-
ments derived from all six rRNAs, four nu-
clear rRNAs (18S, 5.8S, 28S, 5S) and two
mitochondrial rRNAs (12S, 16S), with highly
abundant rRFs found to originate from spe-
cific “hotspots” for each rRNA (Cherlin et al.,
2020). Interestingly, like tRFs, rRFs specif-
ically accumulate in mammalian sperm un-
dergoing the final steps of maturation in
the epididymis. Accounting for approximately
60% of the rRF population in sperm, are
those derived from the 28S-rRNA precursor
(Chu et al., 2017; Hua et al., 2019). rRNAs
also undergo nucleotide modifications at ap-
proximately 2% of nucleotides, with 2′-O-
methylation of ribose (at any nucleotide) and
isomerization of uridine to psuedouridine (�)
being the most prevalent types of modifica-
tions in eukaryotes (Sloan et al., 2017). In
yeast, 55 2′-O-methylation sites and 45 �

sites have been identified, while, in humans,
hundreds of each modification have been re-
ported (Birkedal et al., 2015; Lestrade &
Weber, 2006; Piekna-Przybylska, Decatur, &
Fournier, 2008; Taoka et al., 2016). TheseCrocker et al.
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modifications can represent a potential bar-
rier for small RNA cloning, as modified
bases can prevent canonical reverse transcrip-
tion (RT) enzymes from synthesizing cDNA
through these modifications, or lead to mis-
incorporated bases and errors in sequencing
data. Indeed, recent efforts to circumvent these
issues have been developed, such as a small
RNA cloning protocol called PANDORA-seq
that removes modified nucleotides and has re-
vealed an extensive repertoire of rRFs in di-
verse cell-types at previously unappreciated
levels (see below) (Shi et al., 2021).

METHODS TO CLONE AND
SEQUENCE SMALL RNAs

Small RNA cloning techniques have been
used to identify and quantitate small RNAs
since their discovery, over 20 years ago. Ini-
tially, these techniques were low throughput,
relying on the purification of small RNAs
by size selection, followed by the ligation
of adapters, the generation of cDNA from
the ligated molecules, and finally, identifica-
tion by Sanger sequencing, to randomly iden-
tify hundreds, or at most thousands, of cap-
tured small RNA sequences (Ambros, Lee,
Lavanway, Williams, & Jewell, 2003; Lagos-
Quintana, Rauhut, Lendeckel, & Tuschl, 2001;
Lagos-Quintana, Rauhut, Meyer, Borkhardt,
& Tuschl, 2003; Lau, Lim, Weinstein, & Bar-
tel, 2001; Lee & Ambros, 2001; Lim et al.,
2003; Llave, Kasschau, Rector, & Carring-
ton, 2002; Reinhart, Weinstein, Rhoades, Bar-
tel, & Bartel, 2002). The throughput of these
techniques was higher than that of north-
ern blotting, the standard small RNA bio-
chemical detection technique at the time,
and allowed for the identification of new
small RNA species without any prior knowl-
edge of their sequence. The full diversity
of small RNA populations, however, would
not begin to be revealed until the introduc-
tion of high-throughput sequencing. High-
throughput small RNA-sequencing was first
employed to study plant small RNAs and, soon
after, to document new small RNA species in
C. elegans (Lu, Tej, Luo, Haudenschild, &
Green, 2005; Ruby et al., 2006). The adop-
tion of high-throughput sequencing revolu-
tionized small RNA cloning, as evidenced by
the identification of thousands of new small
RNA species in C. elegans through the gener-
ation of 400,000 short-read sequencing reads
from cloned small RNA libraries (Ruby et al.,
2006). The first small RNA-seq protocols used
a similar strategy to that mentioned above, in-

volving the gel purification of small RNAs,
followed by ligation of adapter sequences,
cDNA synthesis, and finally, the addition of
sequencing primers to the cDNA during PCR
amplification. The resulting small RNA li-
brary was subsequently sequenced and then
analyzed by computational pipelines to iden-
tify and quantify small RNA reads. Since these
original studies, there has been a steady pro-
gression of small RNA cloning and sequenc-
ing techniques developed to address the limita-
tions of the traditional approach, as discussed
below.

Selection and Purification of Small
RNAs

The first obstacle in cloning and quantitat-
ing small RNAs is separating them from the
rest of the RNA present in the cell. Small RNA
can be purified or enriched from total RNA
samples via various approaches, including de-
naturing polyacrylamide gel electrophoresis
(PAGE) purification, removal of high molec-
ular RNAs by polyethylene glycol (PEG), fil-
tration of RNA species based on molecular
weight, or the use of commercial kits (e.g.,
mirVana miRNA isolation kit) (Fig. 2) (Guo
et al., 2014). While enrichment of small RNAs
from the total RNA pool increases the likeli-
hood of successfully cloning small RNAs, and
can also be more cost efficient (as less reagents
are required than with total RNA input), such
methods are subject to a substantial loss of ma-
terial during the purification process. Further,
methods used for small RNA purification (e.g.,
PAGE) can be laborious. Therefore, total RNA
input is commonly adopted for library genera-
tion. In cases where total RNA is used as an
input and small RNAs are not first purified,
size selection by non-denaturing PAGE can be
performed following cDNA synthesis to pu-
rify the pool of cDNAs representing cloned,
adapter-ligated small RNA constructs. Never-
theless, obtaining RNA with as little degra-
dation as possible is critical for quality small
RNA sequencing and data analysis.

Ligation-Dependent Methods
One of the most common procedures used

to clone small RNA libraries is a ligation-
dependent method that relies on T4 RNA lig-
ases to attach 3′ and 5′ ssRNA adapters that
provide an anchor to prime cDNA genera-
tion and to amplify the ligated molecules via
PCR (Fig. 2 – Ligation-dependent). 3′ adapter
ligation occurs through an ATP-independent
mechanism mediated by a truncated T4 RNA
ligase 2 (1-249). This truncated T4 RNA ligase
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Figure 2 Flowchart for small RNA cloning and sequencing experiments. When performing small-
RNA-sequencing experiments, the amount of input RNA should be assessed first, to determine
the protocol and whether size selection of the small RNA pool can be effectively performed (Sec-
tion: Selection and purification of small RNAs). If using a ligation-dependent approach, it is im-
portant to consider titrating adapters and amplification primers with the amount of RNA input. Ex-
cess adapters and primers can generate sequenced molecules without any small RNA insert,
which decreases the usable data in small RNA-seq experiments. Generally, three different pro-
tocols are available to generate small RNA libraries, namely, those centered around 5′- and 3′-
ligation (ligation-dependent; Section: Ligation-dependent methods ), protocols that bypass ligation
(ligation independent e.g., SMART-seq, Section: Ligation-independent methods), and a recently
developed method using an alternate reverse transcriptase (OTTR; Section: Ligation-independent
methods). Each of these protocols have limitations that can depend on the small RNA of interest
and are discussed throughout this overview. Further, due to the varying chemical signatures of the
5′- and 3′-ends of different small RNAs, certain enzymatic treatments or library generation pro-
tocols should be considered (e.g., OTTR) to ensure small RNAs are efficiently cloned. Following
the generation of complementary DNA (cDNA), the number of amplification cycles should be opti-
mized before size selection of the amplified libraries (by non-denaturing PAGE, bead selection or
other methods) and pooling of samples ready for sequencing.

catalyzes the formation of a phosphodiester
bond between the 5′-monophosphate of the 3′

ssRNA adapter and the 3′-hydroxylated end of
a small RNA, resulting in a 3′-adapter-ligated
small RNA (Viollet, Fuchs, Munafo, Zhuang,
& Robb, 2011). The 3′ ssRNA adapter must be
pre-adenylated for this ligation reaction to oc-
cur, because T4 RNA ligase requires an adeny-
lated substrate to act as the nucleophile during
phosphodiester bond formation and the trun-
cated T4 ligase lacks the activity to adeny-
late its substrates. Conversely, 5′ adapter liga-
tion utilizes wildtype T4 RNA ligase 2, which,
once activated by ATP, forms a new phospho-
diester bond between the 5′-monophosphate of

the 3′ ligation product and the 3′ -hydroxylated
end of the 5′ ssRNA adapter. The wildtype
T4 ligase retains its ability to adenylate sub-
strates, allowing it to adenylate the 3′ liga-
tion product (5′ end of cloned small RNA)
and generate an adenylated (activated) pre-
cursor ligation product. This precursor liga-
tion product can then perform a nucleophilic
attack on the 5′ adapter, thereby creating a
small RNA with adapters on both ends. Af-
ter the adapters are attached, cDNA can be
generated using reverse transcriptase and a
primer that binds the 3′ adapter sequence. Fi-
nally, the cDNA is amplified via PCR using
primers binding the sequences added by theCrocker et al.
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5′ and 3′ adapters to generate sufficient DNA
to sequence.

The truncated T4 RNA ligase is preferred
over the wildtype T4 RNA ligase for 3′ adapter
ligation because the wildtype T4 RNA lig-
ase’s adenylyltransferase activity results in
off-target adenylation of small RNA sub-
strates. These adenylated small RNA sub-
strates can then act as nucleophiles during T4
ligase-mediated phosphodiester bond forma-
tion. The 5′ -monophosphate of an adenylated
small RNA substrate can form a phosphodi-
ester bond with its own 3′ -terminal hydroxyl
group or the 3′ -terminal hydroxyl group of an-
other small RNA, resulting in the formation of
circularized and dimerized byproducts that re-
duce the yield of the 3′ adapter ligation step.
Truncated T4 RNA ligase 2 limits the pro-
duction of these byproducts because it is in-
capable of adenylating small RNA substrates
and is, therefore, preferred for the 3′ ligation
step.

The application of two-adapter ligation
methods, while common, is accompanied by
several caveats, notably the introduction of lig-
ation bias resulting from differences in the 5′

and 3′ terminal nucleotides. This bias leads to
sequencing results that do not accurately re-
flect the “true” cellular levels of small RNAs
present in a sample (Raabe, Tang, Brosius, &
Rozhdestvensky, 2014). While bias introduced
by ligation should not prevent small RNA
quantification comparisons between samples
subjected to the same library preparation pro-
tocol, this does influence the ability to accu-
rately perform other comparisons across and
within sequencing experiments. For example,
this bias influences the ability to assess the
levels of miRNA and miRNA* strand in the
same sample, or expression of small RNAs
from two datasets employing different library
preparation approaches (Sorefan et al., 2012).
Methods aiming to mitigate ligation bias have
been developed, including the use of adapters
with randomized bases at the ligation junction
(Table 1). This technology addresses ligation
biases by using a pool of adapter sequences to
increase the chance of efficient ligation of any
given small RNA. Indeed, this protocol can ro-
bustly detect miRNAs that are not captured by
using a single set of adapter sequences (Dard-
Dascot et al., 2018; Giraldez et al., 2018).
Comparative studies have demonstrated that
the use of randomized adapters continually
outperforms the traditional two-adapter liga-
tion strategy (NEXTFLEX small RNA-seq Kit
v3, PerkinElmer) (Dard-Dascot et al., 2018;
Wright et al., 2019).

Ligation-Independent Methods
In addition to using adapters with random-

ized bases at the ligation junction, a promising
approach to alleviate ligation bias is to bypass
ligation altogether. Some ligation-independent
methods employ artificial polyadenylation of
the 3′ end of the small RNA by poly(A)
polymerase to create an anchor sequence
for reverse transcriptase to synthesize cDNA.
Original iterations of this protocol involved
polyadenylation of the 3′ end and subsequent
ligation of the 5′ end adapter. However, liga-
tion at the 5′ end is often inefficient and par-
ticularly challenging. Hence, more recently,
novel small RNA library preparations have re-
placed 5′ ligation with the template switch-
ing activity of the MMLV (Moloney murine
leukemia virus) reverse transcriptase (Wulf
et al., 2019; Zhu, Machleder, Chenchik, Li,
& Siebert, 2001). During first-strand synthe-
sis, the terminal transferase activity of this re-
verse transcriptase adds cytidine residues at
the 5′ end of each cDNA molecule, serving
as 5′-end adapter. Ultimately, these activities
generate double-stranded cDNA with 5′ and
3′ adapter sequences attached to the adeny-
lated small RNA template (Fig. 2 – SMART-
seq). In line with the motivation that drove
the development of this method, the main
advantage lies in the ligation independence,
which removes bias to allow for better small
RNA quantification. Additionally, these meth-
ods are highly sensitive, generating high qual-
ity libraries from small amounts of input RNA
(as little as 1 ng). Since this method of library
preparation facilitates the use of low quan-
tities of input RNA, it has been frequently
used to make single-cell mRNA–seq libraries;
however, other strategies have been employed
for single-cell small RNA-seq studies thus far
(Ramsköld et al., 2012). While providing ad-
vantages in regard to ligation bias and low in-
put requirement, the MMLV template switch-
ing method is not without disadvantages. The
untemplated adenosines added to the 3′-end
and the cytidines added to the 5′-end make it
difficult to distinguish native nucleotides from
those that are added during the cloning pro-
cedure, and can contribute to discarded reads
during sequence mapping and the general in-
ability to accurately determine the exact ter-
mini of cloned sequences. Currently, two com-
panies, Diagenode (D-plex Small RNA-seq
Kit) and Takara Bio (SMARTer smRNA-seq
Kit) manufacture kits that offer ligation free
methods (Table 1).

Recently, a new cloning technique, Or-
dered Two-Template Relay (OTTR), has been

Crocker et al.
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Table 1 Commercially Available Protocols for Small RNA Isolation and Cloning

Technology Product name Catalog number Company Notes

mirVana miRNA
isolation kit

mirVana miRNA
isolation kit

AM1560 Invitrogen,
ThermoFisher

Enriches for small
RNA (<200nt)

Two-adapter
ligation

TruSeq small RNA
library prep kit

RS-200-0012 (set A
indexes) RS-200-0024 (set
B indexes) RS-200-0036
(set C indexes
RS-200-0048 (set D
indexes) – all 24 reactions

Illumina

NEBNext multiplex
small RNA library
prep kit

E7300S (24 reactions)
E7300L (96 reactions)

New England
Biolabs

CleanTag® small
RNA library prep kit

L-3206 TriLink
BioTechnologies

Small RNA-seq
library prep kit

052.08 (8 preps)
052.24 (24 preps)
052.96 (96 preps)

Lexogen

NEXTFLEX small
RNA-seq kit v3

NOVA-5132-05 (8
reactions)
NOVA-5132-06 (48
reactions)

PerkinElmer Utilizes randomized
adapters

Small RNA library
prep kit

63600 (Indexes 1-24)
63620 (Indexes 25-48)

Norgen Biotek
Corp.

MGIEasy small
RNA library prep kit

940-000196-00 MGI

QIAseq miRNA
library kit

331502 (12 reactions)
331505 (96 reactions)

Qiagen Integrated UMIs
(12 bp)

Ligation-
independent
(polyadenylation
and template
switching)

SMARTer
smRNA-seq kit

635029 (12 reactions)
635030 (48 reactions)
635031 (96 reactions)

Takara Bio

D-plex small
RNA-seq kit

C05030001 Diagenode

developed that also bypasses the requirement
of adapter ligations to clone small RNAs (Up-
ton et al., 2021). OTTR uses a N-terminal
truncated R2 RT enzyme, termed BoMoC, en-
coded by a non-LTR retroelement from Bom-
byx mori (silk moth), which can jump from
one synthesis template to another. Hence, Bo-
MoC is used to add both 5′ and 3′ adapters
and generate cDNA from small RNAs in a sin-
gle tube reaction (Fig. 2 - OTTR). Recent data
suggests that OTTR can outperform all current
ligation-dependent and independent protocols
in recovering accurate levels of miRNAs using
a standardized miRNA library (Upton et al.,
2021). Additionally, OTTR has been used to
assay the levels of tRFs in both yeast and mam-
malian spermatozoa, demonstrating the true

representation of different RNAs in these sam-
ples (see below). While the BoMoC enzyme
is not currently commercially produced, when
available for purchase, this technique could
soon become the gold standard for small RNA
cloning protocols.

UMIs and Quantitative Counting
Small RNAs perform their cellular func-

tions and regulate gene expression by inter-
acting with other biomolecules. Thus, the
functions of small RNAs are dependent on
their cellular or subcellular concentration and
stoichiometry relative to their interactors,
in addition to the binding affinities (Kd) of
these interactions. To identify small RNAs
and regulatory targets that are functional

Crocker et al.
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in a given cell or tissue, it can be useful to
quantitate, in an absolute manner, the number
of molecules present. However, typical small
RNA-sequencing experiments only quantify
the small RNAs relative to one another be-
cause standard cloning procedures produce
libraries that represent a sampling of the
RNAs that are present in a sample. Addi-
tionally, most current protocols for making
libraries for small RNA-seq rely on amplifica-
tion by PCR of the cDNA generated from the
small RNA pool. Amplification can result in
“jackpotting” events from sampling of cDNA
representing small RNAs. For example, if
a rare or low abundant RNA is efficiently
amplified during early PCR cycles, it can be-
come overrepresented in the final sequencing
data. Because the entire sequence of the small
RNA is determined in a single read during
standard short-read sequencing, as opposed to
mRNA-seq, where fragments of the RNA are
sequenced (which can be used to differentiate
unique molecules from amplification prod-
ucts), it is impossible to determine if multiple
reads from the same small RNA sequence rep-
resent unique molecules or PCR amplification
products.

To address the issue of duplicate reads gen-
erated by PCR amplification, randomized se-
quences present in the adapters can be added
to the cloned small RNAs during ligation or
cDNA synthesis (Fu, Wu, Beane, Zamore, &
Weng, 2018). These randomized sequences,
referred to as Unique Molecular Identifiers
(UMIs), “barcode” individual molecules prior
to PCR amplification. During computational
analysis after sequencing, reads with the same
UMI are then used to infer PCR duplicates
and, thus, are collapsed into the same count
for that small RNA. From these analyses,
UMIs can be used to determine the rela-
tive number of molecules in a given sam-
ple (Kivioja et al., 2011). If the number of
cells the RNA has been collected from is
known, and the concentration of the purified
RNA is accurately determined prior to small
RNA cloning, then read counts determined
with UMIs can be used to infer the number
of molecules of that RNA present in a cell
(Ziegenhain, Hendriks, Hagemann-Jensen, &
Sandberg, 2022). However, it should be noted
that these types of analysis assume that all
the cells in a sample have an equivalent num-
ber of small RNA molecules. It is currently
unclear if this assumption is true, as single-
cell small RNA-seq techniques are in nascent
stages of development and optimization (see
below).

To accurately quantify the absolute num-
ber of small RNA molecules in a sample,
spike-in RNA standards can be used (Locati
et al., 2015; Lutzmayer, Enugutti, & Nodine,
2017). In this approach, RNAs with a known
sequence (and not present among the small
RNAs being sequenced) are added to total
RNA in a proportion relative to the numbers
of cells used as input material. For exam-
ple, if total RNA is isolated from 1 million
cells, 1 million molecules of RNA standard A,
10 million molecules of RNA standard B, and
100 million molecules of RNA standard C are
spiked into the purified RNA. After cloning
and sequencing, the number of reads mapped
to each of these standards represent 1, 10,
and 100 molecules, respectively. Thus, a stan-
dard curve is generated, which should span the
magnitude of small RNA abundance present in
the sample being studied, to absolutely quanti-
tate the number of molecules of a given small
RNA, based on the number of reads mapped
to that sequence (Fahlgren et al., 2009; Locati
et al., 2015; Sharma et al., 2016). While spike-
ins are an effective way to absolutely quan-
tify small RNA abundance, they also are sensi-
tive to the same biases from ligations and PCR
amplification that afflict the cloning of small
RNAs (Sharma et al., 2016). Accordingly, the
most effective and accurate absolute quantita-
tion approach comes from pairing the incor-
poration of both UMIs and spike-in standards
to small RNA cloning protocols (Gainetdinov
et al., 2021).

SMALL RNA CHARACTERISTICS
AFFECTING STANDARD
PROTOCOLS

Internal RNA modifications and the chem-
ical structure of the 5′ or 3′ end of the mature
small RNA of interest can both affect its detec-
tion via small RNA cloning by interfering with
cDNA synthesis and ligation, respectively.

Most small RNAs undergo a number of
post-transcriptional processing steps, includ-
ing 5′ and 3′ end processing during RNA
maturation or turnover, which differs for each
small RNA class (Ji & Chen, 2012) and can
influence the “clonability” of certain types
of small RNAs when using standard cloning
procedures involving 5′ and 3′ ligation. For
example, a class of C. elegans endo-siRNAs,
22G-RNAs, carry a 5′-triphosphate that is
incompatible with 5′ ligation (Pak & Fire,
2007). Additionally, modifications made
to the ribose backbone of terminal RNA
nucleotides can interfere with several steps

Crocker et al.
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in library construction. miRNAs in plants
and piRNAs throughout the metazoan lineage
harbor a 2′-O-methylation of the ribose moi-
ety of the 3′ terminal nucleotide. While this
modification affords these small RNAs in-
creased stability, it severely impacts 3′ ligation
efficiency (Munafó & Robb, 2010). There-
fore, cloning of these small RNAs requires
strategies to generate cloneable products prior
to ligation. Indeed, several enzymatic and
chemical treatments have been developed
to remove these modifications to improve
their capture during cloning procedures
(Table 2).

Further, cellular RNAs, including some
small RNAs, are decorated with an elaborate
array of RNA modifications, such as (but
not limited to) methylation (including m1A,
m3C, m1G, and m2

2G), pseudouridine (�), 8-
oxo-7,8-dihydroguanosine (8-oxoG), and N4-
acetylcytidine (ac4C), all of which should be
considered when cloning and generating small
RNA-seq libraries. Structural RNAs such as
tRNAs and rRNAs are particularly enriched
for RNA modifications (Jackman & Alfonzo,
2013). For example, tRNAs are modified at
∼17% of their nucleotides, with >100 dif-
ferent types of modifications, including some
that are ubiquitous across all tRNAs and some
that are specific for different isoacceptors.
rRNAs, on the other hand, carry modifications
on ∼2% of their nucleotides (Cherlin et al.,
2020). These modifications play an important
role in RNA biogenesis, stability, and func-
tion and, therefore, have become an important
area of research (Oberbauer & Schaefer,
2018). RNA modifications, however, present
a challenge for RNA-seq protocols that in-
volve generating cDNA (which encompass
nearly all current methods apart from direct
RNA-sequencing; see below), as the canon-
ical reverse transcriptases used for cDNA
generation cannot effectively synthesize DNA
from modified bases, consequently resulting
in inefficient or incomplete conversion to
cDNA. Thus, RNA modifications can lead
to the mis-incorporation of complementary
nucleotides during cDNA synthesis or even
block elongation altogether, thereby generat-
ing polymorphisms and truncated sequencing
reads, respectively. Currently, two main ap-
proaches are taken to overcome the challenges
of sequencing highly modified small RNAs:
(a) enzymatic pretreatment to remove the
modifications or (b) the use of alternative RT
enzymes that are able to read through such
modifications. In the following sub-sections,
we first address the enzymatic or chemical

pre-treatments that can be used to “resolve”
small RNAs with modified 5′ or 3′ ends for
adapter ligation, and then detail the enzymatic
pretreatments and non-canonical RT enzymes
that can be used to detect small RNAs with
internal RNA modifications.

Endo-siRNAs in Worms – RppH
Treatment

One class of small RNA with low cloning
efficiency using standard methods is a type
of endo-siRNA called 22G-RNAs. 22G-RNAs
are specific to nematodes and are tran-
scribed by RNA-dependent RNA polymerases
(RdRPs) using mRNAs as a template; subse-
quently, they are antisense to and target their
cognate mRNAs. Synthesis by RdRP leaves a
triphosphate group at the 5′ end of the 22G-
RNA (Billi, Fischer, & Kim, 2014). As dis-
cussed above, ligation of a 5′ adapter during
small RNA cloning involves a nucleophilic
attack of the 5′-monophosphate of the small
RNA to the 3′ of a ssRNA 5′ adapter. 22G-
RNAs have reduced cloning efficiency in tra-
ditional small RNA cloning procedures be-
cause the 5′-triphosphate group of a 22G-RNA
does not complete this reaction as efficiently
as a 5′-monophosphate group. As such, this
endo-siRNA subclass is underrepresented in
small RNA libraries prepared using traditional
cloning procedures.

To increase the clonability of 22G-RNAs,
small RNA samples can be enzymatically
pre-treated to transform the 5′ triphosphate to
a cloneable monophosphate. Tobacco Acid
Pyrophosphate (TAP) was the first enzyme
used to hydrolyze the phosphodiester bonds
of the 5′-triphosphate to create a cloneable
5′-monophosphate end (Gu et al., 2009).
However, after TAP was commercially dis-
continued, the primary enzyme currently used
is RNA 5′ Pyrophosphohydrolase (RppH)
(Almeida, De Jesus Domingues, Lukas,
Mendez-Lago, & Ketting, 2019).

3′-Terminal 2′-O-Methylation of
piRNAs – Oxidation of 3′ Ends

piRNAs are another example of a small
RNA class exhibiting limited cloning effi-
ciency under standard small RNA cloning pro-
cedures due to their chemical characteristics.
As discussed above, piRNAs have a 2′-O-
methyl-modified (2′-OCH3) 3′ terminus. The
3′ methylation is thought to protect the piRNA
from 3′-5′ degradation and 3′ uridylation (tail-
ing with uridine), and is highly conserved
across animal species (Pastore, Hertz, Price,
& Tang 2021). Notably, HEN1-mediated 3′

methylation of small RNAs is present in
Crocker et al.
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plants, but, there, the small RNA substrates
are miRNAs and siRNAs rather than piRNAs
(Yang, Ebright, Yu, & Chen, 2006; Yu et al.,
2005). Similarly, Drosophila melanogaster
Ago2-associated siRNAs are substrates of the
Drosophila HEN1 homolog in addition to piR-
NAs (Horwich et al., 2007; Kingston & Bartel,
2021). This O-methyl-modified 3′ terminus is
known to interfere with 3′ adapter ligation,
thereby limiting the representation of piRNAs
and other similarly methylated RNAs in small
RNA libraries (Dard-Dascot et al., 2018; Mu-
nafó & Robb, 2010).

The 2′ O-methylation modification
of piRNAs endows these RNAs with a
greater resistance to oxidation compared
to non-methylated RNAs. Therefore, small
RNA libraries can be enriched for piR-
NAs by performing periodate oxidation and
ß-elimination reactions on small RNA samples
prior to initiating the cloning procedure (Fig.
2) (Huang, Yoshitake, & Asakawa, 2021;
Kurth & Mochizuki, 2009; Roovers et al.,
2015). Periodate oxidation of RNAs with a
free 2′-OH group followed by β-elimination
results in nucleotide-by-nucleotide RNA
degradation at the 3′ end. In these reactions,
RNAs with 2′-OH groups at their 3′ ends
are largely degraded, while piRNAs with
2′-OCH3 groups are protected and, therefore,
enriched for downstream cloning procedures.
Importantly, while performing periodate ox-
idation and β-elimination in animal samples
enriches for piRNAs, performing the same
treatment on plant or fly samples enriches
for other types of small RNAs that contain a
2′-OCH3 group in these organisms, namely
miRNAs and endo-siRNAs.

2′-3′ Cyclic Phosphates - PNK
Treatment

A 2′-3′ -cyclic phosphate (2′-3′-cP) is pri-
marily found on the 3′ termini of RNAs
generated from cleavage by some ribonucle-
ases and is present as a stable modification
on certain cellular RNAs (Licht, Medenbach,
Lührmann, Kambach, & Bindereif, 2008;
Sporn, Lazarus, Smith, & Henderson, 1969).
The endoribonucleolytic cleavage of mature
tRNAs by RNaseA and RNaseT2 enzymes
produces tRFs with a 2′-3′-cP at the 3′ end
of the 5′ cleavage product, which can inter-
fere with small RNA cloning protocols (Shige-
matsu, Kawamura, & Kirino, 2018). Since the
enzymes commonly used for ligation of RNAs
require substrates with a 3′ hydroxyl group, 3′

terminal cyclic phosphates need to be resolved
for recovery of these RNAs during cloning.

In the absence of ATP, T4 polynucleotide ki-
nase (PNK), through its phosphatase activ-
ity, resolves and removes cyclic phosphates
at the 3′ end of RNAs to facilitate subse-
quent ligation (Fig. 2). Indeed, PNK treat-
ment prior to small RNA cloning has proven
an effective method in uncovering an unap-
preciated population of tRFs in male germ
cells (Gustafsson et al., 2022; Sharma et al.,
2018). Further, such enzymatic treatment in
differentiated mouse embryonic stem cells re-
vealed a modest increase in tRF 5′ cleav-
age products (Krishna et al., 2019). Alterna-
tively, cyclic phosphates can also be resolved
prior to ligation via treatment with an acid,
such as hydrochloric acid, that first hydrolyzes
the 2′-3′-cP to a 3′-monophosphate, combined
with subsequent treatment with a phosphatase
(commonly calf intestine phosphatase), which
removes the 3′-P (Lund & Dahlberg, 1992).
Endoribonucleolytic cleavage can also result
in RNAs lacking a 5′-monophosphate, which
would thus evade cloning; this includes the 3′

tRF cleavage product. However, in the pres-
ence of ATP, PNK end treatment can also be
utilized to catalyze the phosphorylation of 5′ -
OH to generate 5′ -monophosphate, which can
be successfully ligated and cloned (Fig. 2).

If small RNAs containing cyclic phos-
phates are of specific interest, protocols have
been developed using total cellular RNA that
can selectively capture and sequence these
RNAs. One such method, called cP-RNA-
seq, involves treatment with a phosphatase
to remove 3′-monophosphate from all RNAs,
which is then followed by periodate oxidation.
The oxidation step cleaves all 3′ ends with a
free 3′-OH, leaving only cP-containing RNAs,
which can then be subjected to cP removal
via T4 PNK treatment to allow exclusive
ligation and amplification of cP-containing
RNAs (Honda, Morichika, & Kirino, 2016).
An alternative method to selectively capture
cP-containing RNAs uses the Arabidopsis
thaliana tRNA ligase, AtRNL. This enzyme
exclusively ligates 3′ adapters to cP-RNAs, ex-
hibiting substrate specificity to 3′-cP termini
over 3′-OH or 3′-P termini (Schutz, Hessel-
berth, & Fields, 2010).

tRFs and tRNA Modifications-
Enzymatic Treatment for Removal of
Modifications

Owing to the enrichment of RNA modi-
fications in tRNAs and rRNAs, small RNAs
generated from these RNAs (tRFs and rRFs)
encompass the most highly modified small
RNAs (Jackman & Alfonzo, 2013; Lopez
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Sanchez, Cipullo, Gopalakrishna, Khawaja,
& Rorbach, 2020; Phizicky & Hopper, 2010).
In particular, the prevalence of RNA mod-
ifications on tRFs is hypothesized to drive
the apparent enrichment of 5′ tRF fragments
in small RNA-seq datasets produced from
mammalian sperm by limiting the detection
of highly modified 3′ fragments (Sharma
et al., 2018; Zhang et al., 2018). While 3′

fragments are vastly underrepresented in most
small-RNA seq data, their presence is de-
tectable by northern blot, indicating that there
is a more equal endogenous representation of
these 5′ and 3′ fragments than what is repre-
sented by sequencing. Therefore, in order to
capture the entire complement of tRFs and
rRFs while performing small RNA-seq, one
approach to clone these RNAs efficiently is
the enzymatic removal of RNA modifications.
Treatment of RNA with the Escherichia
coli dealkylating enzyme α-ketoglutarate-
dependent hydroxylase (AlkB) removes RNA
methylation (specifically 1-methyladenosine,
3-methylcytidine, and 1-methlyguanosine),
allowing for successful cDNA generation
of methylated small RNAs (Delaney & Es-
sigmann, 2004; Hrabeta-Robinson, Marcus,
Cozen, Phizicky, & Lowe, 2017). Indeed,
AlkB-facilitated RNA methylation sequenc-
ing (ARM-seq) has revealed previously
undetected methylated small RNAs, mainly
tRFs (Fig. 2) (Cozen et al., 2015). Conve-
niently, not only does this technique uncover
otherwise undetected small RNAs, but com-
parison of sequencing results with untreated
RNA facilitates the characterization of methy-
lation patterns of specific RNAs. To detect
certain small RNAs that harbor RNA modifi-
cations as well as incompatible 5′ and 3′-ends,
cloning techniques may need to incorporate
multiple steps to permit efficient ligation and
reverse transcription. Indeed, a new RNA-
sequencing strategy combines different enzy-
matic treatments, namely AlkB and T4 PNK,
to remove small RNA methylation and cyclic
phosphates prior to library preparation (Shi
et al., 2021), respectively. Coupled with im-
proved bioinformatic pipelines, this strategy,
termed panoramic RNA display by overcom-
ing RNA modification aborted sequencing
(PANDORA-seq), has successfully identified
abundant, modified small RNAs (mainly tRFs
and rRFs) that were previously not detected
(Shi et al., 2021). As more protocols are devel-
oped that are capable of sequencing previously
unappreciated pools of small RNAs, such as
tRFs and rRFs, the small RNA landscape of
many cells will need to be revisited.

While the presence of RNA modifications
generally presents a problem in generating a
full-length cDNA that accurately represents
the entirety of the RNA molecule, it can be
used as a method for identifying the position
of modified RNA bases by analyzing the end-
points of truncated cDNA products. Indeed,
truncated cDNA can be quantitated to deter-
mine when RT synthesis stops as a result of
a presumed RNA modification (Kuksa et al.,
2017). However, due to their short length, dif-
ficulty arises in unambiguously determining
a truncated product; therefore, such analyses
have yet to be adopted to uncover RNA modi-
fications present in small RNAs.

Alternative Reverse Transcriptase
Enzymes

Recent work utilizing OTTR has revealed
that the enrichment of 5′ versus 3′ tRFs
in budding yeast and mammalian sperm is
less pronounced than previously reported
(Fig. 2) (Gustafsson et al., 2022). Using OTTR
on mouse sperm small RNAs revealed that
not only is there near equal distribution of
both 5′ and 3′ fragments for all tRFs, but
that fragments of most tRNAs are equally
present, in contrast to previous results sug-
gesting the selective accumulation of specific
tRFs. While part of the success of OTTR
in recovering tRFs is due to bypassing liga-
tion, it also appears that the BoMoC RT can
more efficiently synthesize cDNA from mod-
ified RNAs. Enzymatically resolving 3′ cyclic
phosphates and adding 5′ monophosphates to
mouse sperm small RNAs only partially re-
covers the small RNAs revealed by OTTR, in-
dicating that other aspects of this technique
are required for recovering the observed com-
plement of tRFs during small RNA cloning
(Gustafsson et al., 2022). RT enzymes can
display varying levels of sensitivity to cDNA
elongation or nucleotide incorporation when
presented with a modified RNA substrate. This
aspect of RT function can be taken advan-
tage of when cloning small RNAs with modi-
fied nucleotides (Upton et al., 2021). Interest-
ingly, tRF sequencing reads that do not match
the annotated genome are located precisely at
modified tRNA bases, allowing for the deter-
mination of RNA modification status through
RNA-sequencing (Gustafsson et al., 2022).

NOVEL METHODS
Since the small RNA revolution at the turn

of the millennium, methods used to discover
and detect these RNAs have evolved from the
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detection of single species using northern blot-
ting to global analyses using high-throughput
sequencing technology. As discussed, the lat-
ter has evolved from traditional ligation and
adapter-dependent library preparation tech-
niques that amplify cDNA sequences from
cloned small RNAs to include a variety of
RNA treatments (highlighted throughout this
overview) that allow the capture of previously
uncloneable RNAs and further bypass the lig-
ation steps altogether. These methods, how-
ever, all still require the addition of adapter
sequences to the 5′ and 3′ ends, which can
inherently introduce biases to the cloned and
sequenced small RNAs. Recently, methods us-
ing Nanopore sequencing have been devel-
oped that allow direct sequencing of native
full-length mRNAs (Garalde et al., 2018). To
date, this approach has been successfully used
to identify and quantitate mRNAs in a variety
of biological contexts. Small RNAs, however,
with their limited sequence diversity and short
length, create unique problems for Nanopore
sequencing and, further, these methods typi-
cally require large amounts of input material
(>500 ng purified mRNA), which is difficult
to obtain for these species of RNAs. These is-
sues have now begun to be resolved with the
recently described direct-sequencing of miR-
NAs using the Nanopore-induced phase-shift
sequencing (NIPSS) approach (Zhang et al.,
2020). As Nanopore technology has rapidly
evolved to include new flavors of direct single
molecule sequencing, including direct RNA-
sequencing (Garalde et al., 2018) and the de-
tection of nucleotide modifications (Garalde
et al., 2018; Liu et al., 2019), it seems promis-
ing that direct sequencing of small RNAs will
be possible in the near future. Additionally,
the direct analysis of RNA sequence by mass
spectrometry is a developing field of study.
Small RNAs are a good initial candidate for
these techniques, as their limited complexity
and length simplify these analyses compared
to mRNAs and other RNAs (Wein et al., 2020;
Zhang et al., 2019).

Another future direction of small RNA bi-
ology and sequencing is single-cell analy-
sis. Single-cell mRNA-seq has been used in
thousands of papers over the past decade,
on a vast array of different tissues and
species (Kolodziejczyk, Kim, Svensson, Mari-
oni, & Teichmann, 2015; Saliba, Westermann,
Gorski, & Vogel, 2014). However, single-cell
small RNA-seq has lagged significantly in
comparison, due to the lack of a “molecular
handle” (e.g., polyadenylation in mRNAs) that
can be used to generate and amplify cDNA.

Over the past several years, however, a hand-
ful of papers have reported the development
of techniques to sequence small RNAs from
single cells (Faridani et al., 2016; Hagemann-
Jensen, Abdullayev, Sandberg, & Faridani,
2018; Hücker et al., 2021). These techniques
all employ ligation-based approaches and typ-
ically involve blocking rRNAs from being
cloned, followed by size selection of miRNA-
sized insert cDNA clones after PCR ampli-
fication. While these studies are promising,
they have currently only been performed on
small numbers of cells (hundreds or less in a
given experiment), while single-cell mRNA-
seq is routinely performed on thousands of
cells. Consequently, there is still much to be
learned about the biology of small RNAs in
single cells. Interestingly, two studies have ei-
ther split single-cell lysates or have purified
polyadenylated mRNA and small RNAs sepa-
rately, to perform small RNA and mRNA-seq
from the same cell (Wang et al., 2019; Xiao
et al., 2018). As predicted, the data from these
studies provide some evidence that the expres-
sion of a miRNA is anti-correlated with its
mRNA targets.

GENERAL CONSIDERATIONS FOR
SMALL RNA-SEQ EXPERIMENTS

The first consideration for any small RNA-
seq experiment should be the amount of ma-
terial that can be obtained (Fig. 2). If plen-
tiful amounts of RNA can be purified (total
RNA >100 ng), nearly any of the protocols
reviewed above can be used. However, in case
of studying samples from which it may be dif-
ficult to obtain adequate quantities, less RNA
can certainly be used, with some considera-
tions. In these cases, and if using a ligation-
based approach, it is important to titrate the
amount of adapter used, as to not overwhelm
the library with adapter-to-adapter products
that will dominate the library after PCR am-
plification. Alternatively, non-ligation-based
methods such as direct, artificial polyadeny-
lation and cDNA generation can also be used
on low-input samples. Additionally, for very
low input samples, rather than size selecting
small RNAs from total RNA and then creat-
ing cDNA libraries, it can be advantageous to
use total RNA input and size selection for the
adapter-ligated small RNA. A final consider-
ation for input concentration is the amount of
PCR cycles that are required to amplify a li-
brary for sequencing. It is best to perform a
series of different PCR amplification cycles
and optimize for the minimal number of cycles
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that will produce the desired size band (rep-
resenting the size of an adapter-ligated small
RNA) in a non-denaturing PAGE gel with-
out overamplifying (generating bulge prod-
ucts) the small RNA library.

The next important consideration is the
type of small RNA of interest. For miRNAs
that have 5′-monophosphates and 3′ hydroxyl
groups, most standard cloning procedures will
be effective. However, if a user is interested
in small RNAs with terminal modifications,
RNAs lacking 5′-monophosphates and 3′ hy-
droxyl termini, or small RNAs with internal
RNA modifications, then enzymatic or other
treatments to the RNA highlighted in this
overview should be performed (Fig. 2). For ex-
ample, to ensure that small RNAs of interest
are efficiently cloned, RNAs cleaved by en-
donucleases such as tRFs should have their
5′ ends phosphorylated and 3′-cyclic phos-
phates resolved through different PNK treat-
ments with and without ATP, respectively. For
2′ -O-methylated piRNAs, these should be en-
riched via oxidation of non-methylated small
RNAs, while RNAs that have internal mod-
ifications such as tRFs and rRNA-fragments
should be either treated with enzymes that re-
move these groups or users should employ al-
ternative RT enzymes during cDNA synthesis
(Fig. 2).

The goal of any small RNA-seq experiment
should also be assessed prior to the initiation
of the experiment with regards to the type of
quantitative information that one aims to pro-
duce. If relative information about small RNA
levels between control and experimental con-
ditions (mutant strain, environmental change,
etc.) is all that is necessary, then cloning and
sequencing alone can be performed. However,
if absolute quantitation of the concentration of
small RNA molecules present in a sample is
essential, protocols using UMIs, spike-in stan-
dards, or both should be used. Absolute quan-
tification cannot be done in retrospect; there-
fore, if this information is required, it must be
planned for in advance.

While this overview focuses on the tech-
nical/experimental aspects of small RNA-seq,
the computational analysis of the data should
also be considered when planning an exper-
iment. While details of computational analy-
sis are reviewed elsewhere (Buschmann et al.,
2016; Ilnytskyy & Bilichak, 2017), we briefly
highlight here some important aspects. Small
RNA-seq data requires analyses outside of
typical mRNA-seq pipelines. First, because
small RNAs map outside of annotated tran-

scriptomic sequences (mRNAs), the data must
also be mapped to transcript files that are an-
notated for the known miRNAs, piRNAs, tR-
NAs, and rRNAs of the species of interest.
While this permits the quantitation of known
small RNAs, it does not; however, allow for
the discovery of novel small RNA species. To
identify novel small RNA species, sequencing
data must be mapped to the genome without
biasing towards already annotated transcrip-
tomic data, allowing unique reads (outside of
known transcripts) to be identified by scan-
ning genome browsers or with novel computa-
tional programs to find these RNAs (Friedlan-
der, Mackowiak, Li, & Chen, 2012; Handzlik,
Tastsoglou, Vlachos, & Hatzigeorgiou, 2020).
For organisms that produce small RNAs by
RdRPs that are antisense to target RNAs, it is
also important to map the sequencing data not
only to the transcriptome/genome but also to
the sequences representing the antisense of the
transcriptome. These mapping strategies are
commonly used for small RNA-seq analysis in
C. elegans and plants (Gu et al., 2009).

After mapping of the data, and to compare
samples against one another (and between ex-
periments), the small RNA-seq counts must
be normalized. Unlike mRNA-seq, the entire
length of the small RNA is sequenced in a sin-
gle read. Therefore, it is not necessary to nor-
malize the data to the length of the RNA as is
required for mRNAs. Thus, small RNAs can
be normalized to all genome-matching reads
to generate reads per million (rpm) for all the
quantitated small RNAs. However, if an ex-
perimental treatment or mutant leads to large
scale changes in small RNAs, normalization
to all genome matching reads can skew that
data, leading to an apparent increase in small
RNAs that are not affected. For example, in
the mouse (and other animals) testis, muta-
tions in PIWI-AGOs lead to the loss of piR-
NAs, the predominant small RNA in that tis-
sue. Therefore, the small RNAs that remain in
the mutant testis, predominantly miRNAs, ap-
pear enriched compared to the control due to
the loss of this major source of small RNA.
Instead, reads can be normalized to individual
classes of RNAs; for example, miRNAs would
be normalized to the total number of miRNA
reads. Another way to avoid pitfalls associ-
ated with normalizing small RNA-seq data to
total reads is to normalize the data to stan-
dards within the data that are not changing be-
tween conditions. These statistical models in-
clude scaling methods such as Trimmed Mean
Method (TMM) normalization and Lowess
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normalization, both of which generally as-
sume that the range of data is the same across
samples and that the changes in small RNA ex-
pression are proportional to the signal inten-
sity. Conversely, non-scaling techniques such
as quantile normalization assume that the dis-
tribution of signal intensity does not change
across samples. Broadly, scaling and non-
scaling methods use different statistical ap-
proaches to evaluate and interpret the stochas-
tic noise present across samples in order to
identify bona-fide changes of RNA abundance
between conditions. Garmire & Subramanian
provide a thorough evaluation of a variety of
statistical methods on microRNA datasets, ul-
timately concluding that Lowess normaliza-
tion and quantile normalization outperform al-
ternative methods (Garmire & Subramaniam,
2012, 2013). Finally, RNA spike-ins of known
sequence between samples of different exper-
imental conditions can be used to normalize
small RNA-sequencing data.

CLOSING REMARKS
Small RNAs participate in nearly all as-

pects of biology as pivotal regulators of gene
expression in eukaryotes. Since their initial
discovery 30 years ago, the biology and tech-
nology related to small RNAs have been
rapidly unveiled and developed, respectively.
Undoubtedly, the ability to sequence cellular
(and extracellular) small RNAs efficiently and
reliably is a powerful tool for understanding
and discovering small RNA biology. However,
because of the unique molecular characteris-
tics exhibited by small RNAs, specific proce-
dures need to be considered and implemented
to effectively analyze different classes of small
RNAs. As new varieties and functions of small
RNAs are discovered, cloning techniques must
continue to adapt to accurately capture and as-
sess the small RNAs present in a tissue, cell,
or biological sample.
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