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substantial small RNAs; still, these

hairpins can associate with the miRNA

factors Dicer and Argonaute. Their

collective existence contaminates the

canonical miRNA pathway, provoking

30-tailing defense via TENT2/TUT4/TUT7.
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SUMMARY
Canonical microRNA (miRNA) hairpins are processed by the RNase III enzymes Drosha and Dicer into�22 nt
RNAs loaded into an Argonaute (Ago) effector. In addition, splicing generates numerous intronic hairpins that
bypass Drosha (mirtrons) to yield mature miRNAs. Here, we identify hundreds of previously unannotated,
splicing-derived hairpins in intermediate-length (�50–100 nt) but not small (20–30 nt) RNA data. Since we
originally defined mirtrons from small RNA duplexes, we term this larger set as structured splicing-derived
RNAs (ssdRNAs). These associate with Dicer and/or Ago complexes, but generally accumulate modestly
and are poorly conserved. We propose they contaminate the canonical miRNA pathway, which consequently
requires defense against the siege of splicing-derived substrates. Accordingly, ssdRNAs/mirtrons comprise
dominant hairpin substrates for 30 tailing by multiple terminal nucleotidyltransferases, notably TUT4/7 and
TENT2. Overall, the rampant proliferation of youngmammalianmirtrons/ssdRNAs, coupled with an inhibitory
molecular defense, comprises a Red Queen’s race of intragenomic conflict.
INTRODUCTION

MicroRNAs (miRNAs) comprise an extensive class of short reg-

ulatory RNAs, which collectively mediate broad impacts on

gene regulation. Their biogenesis can proceed via diversemech-

anistic strategies. In animals, the canonical pathway generates

the vast majority of abundant and functional miRNAs.1,2 In this

scheme, primary miRNA (pri-miRNA) transcripts that bear

appropriate hairpin structures are recognized and cleaved by

the Microprocessor complex, composed of the RNase III

enzyme Drosha and its double-stranded RNA binding domain

(dsRBD) partner DGCR8. Since the number of plausible pri-

miRNA hairpins in the transcriptome exceeds the number of ex-

pressed miRNAs by at least 2–3 orders of magnitude, accurate

and specific selection of hairpins by Microprocessor serves as

a gatekeeper for substrate entry to the miRNA pathway.

Following their cleavage into pre-miRNA hairpins, these are ex-

ported to the cytoplasm and cleaved near their terminal loops

by the RNase III enzyme Dicer. The resultant duplexes are

loaded into Argonaute (Ago) effector proteins, and one of the

strands is either ejected or cleaved to yield a single-stranded
C
This is an open access article under the CC BY-N
effector complex programmed with a mature miRNA. Following

association with the GW182 (TNRC6) adaptor protein, the Ago

complex is guided by the miRNA sequence to appropriate regu-

latory targets.

In animals, short sequence complementarity, typically

Watson-Crick pairing to nt 2–8 of the miRNA, is required for

target recognition and functional repression.3–6 Accordingly,

miRNAs can in principle regulate large cohorts of targets. Indi-

vidual conserved mammalian miRNAs are typically associated

with hundreds, and over a thousand in some cases, evolution-

arily conserved target sites.7 Moreover, genomic assays indicate

that individual miRNAs can directly repress numerous conserved

and even non-conserved targets, although the magnitude of

miRNA-mediated regulation is usually modest.6,8 Because of

the broad regulatory impact of individual miRNAs, the small

RNA contents of Ago proteins must be carefully controlled.

Although >1,000 canonical miRNA loci have been annotated in

the human genome,9 typical cells and tissues express a limited

repertoire of miRNAs at levels expected to confer substantial

regulation.10–14 Although our capacity to visualize the contents

of Ago proteins continues to increase, with ever-greater
ell Reports 42, 112111, February 28, 2023 ª 2023 The Author(s). 1
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throughput of next-generation sequencing, the majority of

miRNA reads in a given library can often be accounted for by a

few dozens of loci. Indeed, it has been proposed that additional

bona fide human miRNAs are unlikely to remain.15

In addition to the canonical miRNA biogenesis pathway,

many non-canonical routes exist that can populate Ago proteins

with small RNAs.16 The first recognized pathway comprises

splicing-dependent ‘‘mirtrons,’’ whose biogenesis is conse-

quently independent of Drosha/DGCR8 (Figure 1). In the original

description ofmirtron biogenesis, splicing and debranching of an

intron directly defines both ends of the pre-miRNA hairpin.17–19

Subsequently, we recognized variants of mirtron biogenesis, in

which only one end of the pre-miRNA hairpin coincides with a

splice site.20 In the case of 30-tailed mirtrons, evidence from

Drosophila indicates that the RNA exosome trims the unstruc-

tured 30 end to reveal the pre-miRNA hairpin.21 50-tailed mirtrons

have also been documented and are especially abundant in

mammals,22 but the nuclease(s) involved in 50-tail removal has

not yet been defined. The dominant class of splicing-derived

miRNAs in mammals comprises 50-tailed mirtrons, followed by

conventional mirtrons and then 30-tailed mirtrons.23 There are

also rare ‘‘dual-tailed mirtrons’’ in which neither pre-miRNA

hairpin terminus seems to be defined directly by splicing, but

where one end resides too close to the splice site to represent

a plausible Microprocessor substrate.23,24

Beyondmirtrons, a wide variety of other non-canonical miRNA

substrates bypass either Microprocessor or Dicer.16 Curiously,

very few non-canonical miRNA loci are conserved, with many

alternative pathways supporting the biogenesis of just one or a

couple of conserved miRNAs. None of these are shared across

C. elegans, Drosophila, or vertebrates, in stark contrast to the

dozens of pan-metazoan miRNA families that are identical (or

nearly so) between invertebrates and vertebrates. This is not to

say that non-canonical miRNA loci are rare, quite the contrary.

This ismost evident for various classes ofmirtrons. These collec-

tively total at least 500 in both the mouse and the human ge-

nomes, although <10 are conserved among mammals.23 Thus,

there are distinct evolutionary trajectories for different classes

of miRNA substrates, even though their ultimate activities to pro-

gram Ago complexes are seemingly identical. Accordingly, we

speculated that there should be a biochemical basis to distin-

guish canonical pre-miRNAs from mirtron hairpins, leading to

preferential suppression and evolutionary extinction of the latter.

We and others indeed provided evidence for this model in

Drosophila. The observation that mirtron-3p (but not mirtron-5p

or most canonical miRNA-5p/3p) species exhibit unusually

high frequencies of untemplated uridines permitted the isolation

of Tailor, a terminal uridyltransferase (TUTase) that preferentially

modifies conventional mirtron hairpins.25,26 Tailor exhibits selec-

tivity by recognizing the 30-terminal AG nucleotides that are a

signature of the 30 splice site, and its activity reduces mirtron

dicing and regulatory activity. Of note, most Drosophilamirtrons

are of the conventional variety. Mammals have a distinct issue,

since they innovated the 50-tailed class, which accounts for

several hundreds of loci in individual mammalian genomes.22,23

Moreover, althoughmammals have an expanded family of termi-

nal nucleotidyltransferase (TENT) enzymes compared with

Drosophila, they evidently lack a clear ortholog of Tailor.27
2 Cell Reports 42, 112111, February 28, 2023
Thus, while several TENTs (and specifically TUTases) regulate

diverse aspects of mammalian miRNA biogenesis,1,28,29 it was

unclear which mammalian TENTs, if any, control mirtrons.

Here, we show that conventional and 50-tailed mirtrons are

broadly subject to extremely high levels of tailing on mirtron-3p

reads (mostly uridylation and some adenylation), at frequencies

far higher than for canonical miRNAs. We broaden this scope

by showing that hundreds of additional intronic hairpins, which

reside preferentially at 30 intron termini, are similarly specifically

and highly tailed. We term this larger class as structured

splicing-derived RNA (ssdRNAs) and find broad evidence for

their capacity to associate with Dicer and Ago proteins as inter-

mediate-sized hairpin species. Based on the inference that

tailing represents a defense strategy against adventitious pre-

miRNA mimics, we identify multiple TENT enzymes that partici-

pate in ssdRNA/mirtron tailing: TUT4, TUT7, and TENT2 (also

known as TUT2 or Gld2). Misexpression of these TENT enzymes

antagonizes ssdRNAs/mirtrons, while their combinatorial loss

results in biased upregulation of mirtron-derived small RNAs.

The functional outcomes of tailing loss are also complex and

can in part be attributed to the heterogeneity of ssdRNA struc-

tures. However, a clear impact of their action is observed in

the depletion of conserved canonical pre-miRNAs that resemble

30 intron termini. Overall, we find that intronic hairpins represent a

dominant target of TUT/TENT enzymes in mammalian cells, as

part of a quality control strategy to suppress the capacity of ge-

nomically abundant splicing by-products from contaminating

the canonical miRNA pathway.

RESULTS

Identification of numerous human intronic hairpin RNAs
that lack corresponding small RNAs
Since the advent of miRNA annotation using deep sequencing

data, there have been efforts to encourage robust and stringent

criteria.30 However, as a community effort, different groups uti-

lized varying levels of evidence. Notably, numerous published

loci deposited in the miRBase registry (https://www.mirbase.

org/) have not been validated in experimental tests.15,31,32 One

potential caveat regards the lack of clear cutoffs on how efficient

biogenesis should be to qualify as a bona fide miRNA. It is

evident that numerous questionable miRNA annotations are sim-

ply RNA degradation fragments that fortuitously map to short

hairpins and do not derive from a specific biogenesis pathway.33

On the other hand, it is also not uncommon for miRNA biogen-

esis to be regulated and, thus, may not necessarily be efficient

in a given assay context.34–36 If only a small minority of an input

primary transcript is eventually converted into Ago-bound small

RNAs, does that locus qualify as an miRNA?

The picture is potentially more complicated with non-canon-

ical miRNA substrates, whose biogenesis does not follow

typical conventions. We and others previously annotated mir-

trons as intron-terminal hairpins that yield confident and spe-

cific miRNA/star duplexes, indicative of endogenous Dicer pro-

cessing, and these exist in multiple invertebrate18,19,37 and

vertebrate17,22,23 species. These annotations relied on specific

processing as judged from meta-analysis of publicly available

small-RNA data (Table S1), but made no implicit conclusions

https://www.mirbase.org/
https://www.mirbase.org/


Figure 1. Multiple classes of splicing-

derived intermediate-length and short

RNAs in human cells

Splicing can generate a variety of pre-miRNA

mimics (‘‘mirtrons’’) that bypass the Drosha RNase

III enzyme, which is obligate for cleavage of

canonical pre-miRNAs. Three types of splicing-

derived pre-miRNAs are clearly a direct conse-

quence of splicing, whereby both hairpin ends

(conventional mirtron) or one hairpin end (as in

50-tailed or 30-tailed mirtrons) lie at splice sites. For

tailedmirtrons, additional nucleases are inferred to

reduce the debranched intron into a pre-miRNA-

like hairpin. In mammals, 50-tailed mirtrons are by

far the most abundant subtype, followed by con-

ventional mirtrons and rare 30-tailed mirtrons; rare

intronic hairpins are inferred to undergo tail

removal from both termini (two-tailed). Historically,

mirtrons were annotated based on their capacity

to generate small RNA duplexes with 30 overhangs (indicative of Dicer cleavage) and/or Ago-associated small RNAs (i.e., mature miRNAs). In this study, we now

recognize a substantial population of structured, splicing-derived RNAs (ssdRNAs). These lack compelling small RNA evidence, but exhibit other hallmarks of

mirtron hairpins. We document ssdRNAs in association with Dicer and/or Ago2, but they may also potentially exist in a free hairpin state.
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regarding efficiency of biogenesis. Kjems and colleagues also

described ‘‘Agotrons,’’ intronic hairpins that can also associate

with Ago proteins and guide target silencing.38 We noticed that

some of the best-expressed Agotron hairpins were among the

first annotated mammalian small-RNA-generating mirtrons

(e.g., mir-1225/Pkd1).17 Further inspection showed that the

strong majority of Agotrons were loci we had annotated as con-

ventional or 50-tailed mirtron hairpins (Table S2) and thus gener-

ated at least some duplex small RNAs indicative of dicing.22,23

Only a minority of loci were not present in our scans, and many

of these were very scarcely detected or did not exhibit posi-

tional read enrichment relative to flanks (either the remainder

of introns or in flanking exons; Table S2). Thus, it is reasonable

to consider the previously described Agotrons as mirtron hair-

pins that are inefficiently diced, but can still associate with Ago

proteins.

Importantly, there is no reason to presume that mirtron hair-

pins are, as a class, robust Dicer substrates. The vast majority

of mirtrons are evolutionarily young and thus not expected to

be selected for optimal structural features of canonical pre-

miRNAs that generate abundant small RNAs.39,40 Moreover,

the collective hairpin features of mirtrons are explicitly known

to be more heterogeneous compared with canonical pre-

miRNAs.23,37 Interestingly, somemirtrons with very-well-defined

dicing patterns, even with phased terminal loop reads, generate

abundant intermediate-length reads in Ago2 (e.g.,mir-1226; Fig-

ure 2A). Although read abundances between such libraries are

not directly comparable, they suggest that at least some

annotated mirtrons are not effectively diced. Relevant to this,

other hairpins that are explicitly Dicer independent, such as

pre-mir-45141–43 or its engineered derivatives,44–46 load directly

into Ago proteins. In addition, canonical pre-miRNA hairpins can

associate with Ago proteins, especially under certain aberrant

conditions.47,48 Overall, these considerations made us question

if it was overly restrictive to define mirtrons based on Dicer sig-

natures of small-RNA duplexes, as is normally the case when

performing miRNA annotation.
We sought to identify additional splicing-derived, pre-miRNA-

like hairpins, using deep sequencing data of intermediate-length

RNA species. Currently, library construction of intermediate-

length RNAs (which should contain pre-miRNA hairpins) is known

to be inefficient and highly biased, due to challenges in linker liga-

tion tostructuredRNAs.Consequently, very fewsuchdatasetsare

extant, in contrast to 10,000s of published small-RNA sequencing

datasets. We focused on three such datasets of�50–100 nt spe-

cies fromhumansamples: (1) HEK293TAgo2-IP samples from the

Brian Gregory lab,49 (2) total normalized HeLa samples from the

Burroughs group,50 and (3) a newly generated dataset from

K562 cell Ago2-IP material (see STAR Methods). Inspection of

the vicinity of intron boundaries revealed numerous loci with inter-

mediate-sized reads, but few or no corresponding small-RNA

reads. Accordingly, these escaped our previous annotations of

mirtrons from hundreds of small-RNA datasets.23 For example,

the 27th intron of the recently recognized miRNA pathway factor

Ankrd5251 yielded >10,000 hairpin reads, but no mature miRNAs,

in the Gregory lab paired Ago2-IP datasets (Figure 2B). The

Ankrd52 hairpin resides precisely at the 30 end of the intron, with

an inferred 50 tail of several hundred nucleotides. Although corre-

sponding small RNAs were not present in the paired HEK293T

Ago2-IP dataset, a low level of Ankrd52 small RNAs from the

hairpin arms was detected (Figure 2B) using other aggregated

small-RNAdatasets (Table S1). Thus, it is subject to a verymodest

level of dicing, but the predominant species seem to be hairpins.

Loci such as these encouraged systematic analysis of

mammalian intermediate-sized reads in the vicinity of splice

sites. Applying stringent criteria, we identified 273 newly recog-

nized human intron termini that generate >30 intermediate-sized

RNAs with pre-miRNA-like structure (Table S3). We provide

additional compelling examples of such loci in Figure S1,

emphasizing that these loci generally yielded numerous interme-

diate RNAs but few or no small RNAs in the paired Ago2-IP data-

sets. These mirrored the subcategories of known mammalian

mirtrons,23 in that most were 50-tailed hairpins followed by

whole-intron hairpins, with a small subset of 30-tailed hairpins.
Cell Reports 42, 112111, February 28, 2023 3
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Figure 2. Exemplar mirtron and ssdRNA loci

(A) A previously annotated mirtron (mir-1226) that is a definitive Dicer substrate, as evidenced by phased miRNA-5p, miRNA-3p, and terminal loop reads.

However, paired intermediate-length and small RNA Ago2-IP data from HEK293T cells show that mir-1226 is predominantly uncleaved.

(B) Example of a newly annotated ssdRNA derived from an intron of the miRNA factor Ankrd52. This locus generated abundant hairpin reads, but no small RNAs

were detected in matched small and intermediate-sized Ago2-IP data from HEK293T cells (bottom), although inspection of 756 aggregated small-RNA datasets

reveals modest small-RNA production from its hairpin arms (UCSC genome browser tracks).
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We emphasize that, beyond these confident annotations, addi-

tional intermediate-sized loci were plausible candidates but fell

below read cutoffs, had overly heterogeneous termini, or had

suboptimal structures. As these current annotations derived

from only three cell-line datasets, additional loci may prove

confident with broader cell/tissue profiling.

The Gregory HEK293T intermediate RNA library was espe-

cially useful for these annotations, and many loci were detected

only in this dataset (Table S3). However, we caution against infer-

ring this to reflect cell specificity, as the efficiency of pre-miRNA

cloning strategies and their individual biases likely vary widely

across datasets. For example, the Burroughs HeLa data are

from total RNA and not Ago2-IP, our K562 data may have less

efficient hairpin cloning, or perhaps the Gregory datamay exhibit

PCR skew. Nevertheless, many of these newly recognized
4 Cell Reports 42, 112111, February 28, 2023
intronic hairpin loci were co-detected by long reads in two or

more of the datasets, indicating their breadth. For example, of

loci confidently annotated from HEK293T, HeLa data share 64

loci with R2 hairpin reads and 21 with R10 hairpin reads, while

K562 expresses 139 loci withR2 hairpin reads and 56 withR10

hairpin reads (Table S3). In addition, six known mirtrons were

present in HeLa and/or K562 data, but not HEK293, and four

ssdRNA loci were annotatable only from the HeLa data (none

were exclusive to K562). One notable example of this was an

intron ofMFSD3 (uc003zdi.1_intron_3), which had >1,000 hairpin

reads in HeLa, but none in HEK293T data (Table S3). Overall,

while it may not be appropriate to directly compare read

numbers across these libraries, we conclude that long hairpin

species emanate from numerous intron termini across multiple

cell lines.
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Mammalianmirtrons belong to a larger class of ssdRNAs
To provide a basis for understanding the properties of these

newly recognized loci, we first examined 480 previously anno-

tated mirtrons across a range of informative datasets.23 Using

the paired datasets of 50–100 and 20–25 nt RNAs from

HEK293T Ago2-IP samples,49 we observed that previously an-

notated mirtrons at 30 intron boundaries (i.e., conventional and

50-tailed mirtrons) were supported by substantial intermediate-

sized- and small-RNA reads. Because we previously annotated

mirtrons from numerous small-RNA datasets, we also evaluated

their coverage across aggregated data (Table S1). As expected,

the vast majority yielded small RNAs at a stringent cutoff (>10

reads per million mapped reads [RPM]) and exhibited paired

read pileups that reflect 5p/3p duplexes (Figures 3A and 3B).

We also analyzed 30-tailed mirtrons and observed similar but

slightly less robust patterns, owing to their smaller number and

generally lower expression (Figure S2).

Our newly annotated intronic RNA hairpins also exhibit simi-

larly characteristic size and distribution. When we anchored on

the 30 ends of introns, the sharp peak of structured RNA map-

pings was observed, reflecting a dominant population of intronic

hairpins with 50 tails (Figure 3C). As expected from our annotation

pipeline, these produce very few small RNAs. We considered if

such local enrichment might be a by-product of anchoring on a

defined genomic feature, perhaps reflecting intron degradation.

However, we can rule out this artifact, given the sharp

‘‘skyscraper’’ shape of intron-terminal intermediate-length

RNAs, with low levels of upstream intronic reads. Moreover,

the adjacent exons have a much lower level of mapped reads,

even though mRNAs are far more abundant than introns, and

these lack specific local enrichment (Figure 3C). Similar to the

distribution of annotatedmirtrons, a smaller set of introns yielded

specific hairpin species from their 50 ends, which are also far

more abundant than flanking exonic reads but do not yield com-

parable short RNAs (Figure S2).

We broadened the analysis of intron-terminal hairpins defined

from intermediate-length-RNA data to other aggregated small-

RNA data (Table S1). We observed a local peak of small RNAs

at intron termini, which coincides with the intermediate-sized-

RNA peak but also exhibits a central dip, characteristic of 5p/

3p miRNA duplexes (Figure 3D). However, the abundance of
Figure 3. Partner proteins and untemplated modifications of ssdRNAs

(A) Positional properties of 480 previously annotated human mirtrons show they ar

small RNA Ago2-IP data from HEK293T cells.

(B) Meta-analysis of known mirtrons across hundreds of small-RNA datasets sho

(C) Positional properties of 270 newly recognized ssdRNAs in HEK293T Ago2-IP li

with few small RNAs or adjacent exonic RNAs (i.e., conventional ssdRNA or 50-ta
(D) Meta-analysis of ssdRNAs across hundreds of small-RNA datasets shows a

above the background of degraded RNAs from flanking exons.

(E–H) Both mirtrons (E and F) and ssdRNAs (G and H) are substantially associate

(I–L) Neither mirtrons nor ssdRNAs associate with Microprocessor (Drosha or DG

each group (line) and the associated 95% confident interval (CI) are represented

(M) CDF plots of minimum free energies of canonical pre-miRNAs, mirtron hairpin

termini with matched nucleotide content. All three classes of miRNA/miRNA-like s

from control introns.

(N and O) Untemplated single-nucleotide additions to 30 ends of canonical miRN

Ago2-IP data from HEK293T cells. Only a subset of mirtrons/ssdRNAs could be

(-AG) or carry 30 untemplated additions; a number of loci had 30 trimming, and th

6 Cell Reports 42, 112111, February 28, 2023
short RNAs mapped to intron hairpins was only marginally

greater than that of heterogeneous short RNAs mapped to

adjacent exons, which were presumably mRNA degradation

products. This emphasizes that, while terminal intronic hairpins

are a genomically broad source of intermediate-length RNAs,

on the whole, they are modest Dicer substrates at best.

The long-standing concept of mirtrons is that they are splicing-

derived hairpins that are diced into mature miRNA-class regula-

tory species.18,19,23 Since most of the newly annotated loci are

not detectably converted into small RNAs, we now propose

ssdRNAs as a broader parent class that includes mirtrons,

except that there is no overall requirement for them to be Dicer

substrates (Figure 1). Overall, ssdRNAs comprise an extensive

class of non-coding RNAs detected in mammalian cells that pre-

dominantly arise from 30 intron termini but are also detected at 50

intron termini. With this foundation, we turned our attention to

their functional properties.

ssdRNAs/mirtrons are broadly and specifically
accessible to the core miRNA factors Dicer and Ago
Synthetic mirtrons are a viable strategy to generate functional

silencing RNAs in invertebrates52 and mammals.53–55 Neverthe-

less, as endogenous mirtrons typically generate only modest

amounts of small RNA (Figures 3A and 3B), and are mostly not

conserved,23,56 this raises questions as to their relevance to

gene regulation. In fact, miRNAs must typically achieve substan-

tial abundance to exert meaningful regulatory impacts, in part

due to a plethora of low-affinity fortuitous sites throughout the

transcriptome.2 With this perspective, we assessed the relation-

ship of known mirtrons and our newly recognized ssdRNAs with

miRNA factors.

We first analyzed two Dicer photoactivatable ribonucleoside-

enhanced crosslinking and immunoprecipitation (PAR-CLIP) da-

tasets fromHEK293T.57,58 Although Dicer and Ago proteins form

complexes, the stringency of CLIP protocols is presumed to

reduce indirect interactions. Although mirtrons were not previ-

ously reported to associate with Dicer, metagene plots show po-

sitional enrichment that matches well to the annotated hairpins

(Figure 3E). Strikingly, even though ssdRNAs are by definition

poorly diced,weobserve a comparable local spike ofDicer occu-

pancy precisely on ssdRNA regions (Figure 3G). For both classes
/mirtrons

e associated with specific peaks at 30-intron termini in intermediate-length and

ws a characteristic ‘‘double peak’’ reflecting 5p/3p duplexes.

brary show they generate specific 30-intron terminal intermediate-sized species

iled ssdRNA).

signature of Dicer cleavage. However, these small-RNA reads are marginally

d with core miRNA factors Dicer (E and G) and Ago2 (F and H).

CR8; I and K) or the non-miRNA factor Pum2 (J and L). The average signal for

in (A–L).

s, and newly recognized ssdRNAs compared with a background set of intron

pecies have similar minimum free energy (MFE) profiles and are well separated

As, mirtrons, and ssdRNAs in paired intermediate-length RNA and short RNA

analyzed, since we analyzed only those reads that extend to the 30 splice site

ose reads were not relevant for this analysis. Error bar represents SE.
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of intronic RNAs, Dicer occupancy level plummets in the flanking

downstream exons and is at a background level in the upstream

flanking introns, indicating its specificity for ssdRNA/mirtron hair-

pins. We next aggregated Ago CLIP-seq and PAR-CLIP data

from HEK293T cells59–61 and observed similar patterns of posi-

tional enrichment on mirtrons (Figure 3F) and ssdRNAs (Fig-

ure 3H). In addition, the rarer classes of mirtrons and ssdRNAs

that reside at 50 intron termini were similarly detectable in both

Dicer and Ago2 CLIP-seq data (Figures S2A–S2G).

Overall, about half of known mirtrons and newly recognized

ssdRNAs bound Dicer, and 80% of mirtrons/50% of ssdRNAs

were associated with Ago, at levels >1 read/10 M. Although

this is amodest level, no such positional enrichment on ssdRNAs

was observed in CLIP-seq datasets of other core miRNA factors

such as Drosha62 or DGCR863 or a distinct RBP regulator,

Pum264 (Figures 3I–3L). We note that DGCR8 was substantially

enriched precisely at canonical pre-miRNAs, but Drosha was

not (Figure S2H). This may reflect that DGCR8 is technically

easier to capture in association with pri-miRNA transcripts

than the nuclease Drosha. Regardless, this demonstrates that

lack of DGCR8 binding at mirtrons and ssdRNAs is a genuine

negative result and reciprocally indicates that the presence of

Dicer binding at these intronic hairpins is also a specific positive

result. We conclude that ssdRNAs/mirtrons frequently adopt

sufficient structural similarity to canonical pre-miRNAs to enable

their specific association with Dicer and/or Ago proteins. To

solidify this conclusion, we plotted the cumulative distribution

function (CDF) of minimum free energies predicted for canonical

pre-miRNAs, previously annotated mirtrons, and our newly an-

notated set of ssdRNAs compared with a matched set of control

intron termini with comparable sequence content. These ana-

lyses showed that all three classes of hairpin RNAs comprise

similar ranges of low free energies and are highly separated

from control intron termini (Figure 3M). This conclusion is

bolstered by the fact that most ssdRNAs exhibit typical pre-

miRNA-like hairpin structures (predicted secondary structures

of 42 well-expressed ssdRNAs are depicted in Figure S3).

Of note, we previously reported that aggregate structural fea-

tures of mirtron hairpins are much more heterogeneous than for

canonical pre-miRNAs and often include features that are likely

deleterious for Dicer cleavage.23,37 Accordingly, the presumably

suboptimal pre-miRNA features of mirtron and ssdRNA hairpins

may underlie why they can associate with Dicer, but be ineffi-

ciently cleaved, and/or associate with Ago effectors that would

normally prefer to load with small-RNA duplexes.

ssdRNA/mirtron-3p species are the predominant class
of tailed miRNA species in mammals
In Drosophila, mirtrons are sensed by the TUTase Tailor, which

preferentially uridylates their 30 hairpin ends and opposes their

maturation.25,26 Individual mammalian genomes such as human

and mouse both have more than an order of magnitude more

mirtrons than does Drosophila.23 Moreover, we have substan-

tially increased the scope of splicing-derived small RNAs, by

now revealing hundreds of ssdRNAs, a parent class of mirtrons

that are minimally diced. Altogether, the sheer genomic numbers

of ssdRNA/mirtron loci suggest they collectively present a

greater threat to the canonical miRNA in mammals compared
with invertebrates. How have mammalian genomes countered

this menace? Indeed, one may reasonably conclude that pre-

sent-day mammals do not cope with mirtrons as well as inverte-

brates do. This may in part be due to the exuberant proliferation

of a biogenesis subclass (50-tailed mirtron; Figure 1) that has not

been detected in invertebrates.22,37

A number of canonical miRNAs are modified by various TENT

enzymes,1,29 which collectively may induce modifications at

hairpin, duplex, or single-stranded stages. Notably, preferential

uridylation of miRNA reads deriving from the 3p arm of their

pre-miRNAs has been documented,65–67 suggesting a biased

pattern of pre-miRNA modifications. Nevertheless, in the vast

majority of cases, tailed mature species comprise only a few

percent of unmodified reads.68 Among archetypal cases, pre-

miRNA tailing can have diverse outcomes. For example, oligour-

idylation of group I pre-let-7 members inhibits their biogen-

esis,69–71 while monouridylation of group II pre-let-7 members

by TENT2/TUT4/TUT7 promotes their dicing72; the position of

Dicer cleavage and thus mature strand selection from pre-mir-

324 is adjusted by its TUT4/7-mediated uridylation.73 Thus,

different TENTs have overlapping activities on certain miRNAs,

but opposite activities on different miRNA substrates; they also

have overall minor effects on accumulation of most miRNAs.74

Our initial inspection of a then-limited set of mammalian mir-

trons (11 in human and 20 in mouse) revealed that all mirtron-

3p species were heavily tailed, similar to invertebrate mirtron-

3p species.75 Now, meta-analysis of the tailing properties of

our highly expanded catalog of mammalian mirtrons,23 across

numerous public small-RNA datasets (Table S1), broadly reaf-

firms this perspective. In particular, mirtron-5p reads exhibit

similar modest U/A tailing, comparable to aggregate canonical

miRNA-5p andmiRNA-3p reads, while mirtron-3p species accu-

mulate high amounts of untemplated adenylation and particu-

larly of untemplated uridylation (Figure S4). These are specific

patterns, since other intron-3p reads did not exhibit comparable

uridylation, although some signal for adenylation was observed

among more abundant intron-3p species (Figure S4).

Importantly, as the dominant class of splicing-derivedmirtrons

is by far 50-tailed mirtrons, followed by conventional mirtrons, we

could define the 30 ends of most mirtron-3p species with respect

to the -AG splice acceptor (SA). Since this provides an indepen-

dent reference for the primary endonucleolytic cleavage posi-

tion, we are able to infer untemplated additions to mirtron-3p

reads that match the genome. This was particularly valuable as

some mirtrons yielded dominant populations of modified reads,

whose terminal nucleotide(s) fortuitously matches the down-

stream exon (Figures 2 and S5).

The highly preferential modification patterns of mirtron-3p

species implied that their hairpin precursors are the tailing

substrate. For example, this was seen in the cases of pre-mir-

1226 and mirtron-Ankrd52 (Figure 2). Of note, the dominant

hairpin reads of mirtron-Ankrd52 have one or two nucleotides

trimmed from the 30-SA, and thus, tailed reads are a minority of

the overall hairpin reads. However, for pre-mir-1226, >99.9%

of hairpin reads carry 30 untemplated modifications, mostly U

tails and a smaller fraction of A tails.

To evaluate this more systematically and uniformly, we

compared canonical miRNAs and ssdRNAs/mirtrons using
Cell Reports 42, 112111, February 28, 2023 7
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B Figure 4. TUT4, TUT7, and TENT2 preferen-

tially modify ssdRNA/mirtron hairpins

(A–C) Northern analysis of ssdRNA/mirtron prod-

ucts from HEK293T cells transfected with the

indicated expression constructs. (A)mir-1225 and

Acadvl barely yield northern-detectable species,

but hairpin-sized RNAs accumulated upon co-

expression of Ago2. (B) Levels of pre-mir-1226

and miR-1226-3p are decreased upon co-

expression of TENT2, TUT4, and TUT7, without

substantial effects on control pre-mir-375. Mature

miR-375-3p is selectively tailed by TENT2. (C)

Accumulation of mir-1225/Pkd1 and mirtron-

Acadvl was similarly selectively suppressed by

these TENT/TUT enzymes.

(D) Luciferase sensor assays corroborate selective

suppression of mir-1225 and mirtron-Acadvl by

TENT2/TUT2/TUT7. Sensor activities were

normalized to cells transfectedwith a non-cognate

mirtron expression construct; n = 3 for each

experiment and unpaired Student’s t test was

applied. The error bars represent standard devia-

tion; **p < 0.01, ****p < 0.0001.
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matched datasets of Ago-bound intermediate-length and

small RNAs from HEK293T cells.49 As expected, the bulk of

canonical pre-miRNAs and mature miRNAs were unmodified

(Figures 3N and 3O). In stark contrast, the vast majority of known

mirtrons carry untemplated U or A in the hairpin fraction, and a

comparably large fraction of ssdRNAs carry untemplated uridyla-

tion (Figure3N). These featurescarry over into the small-RNApool,

with the caveat that very few ssdRNA-derived small RNAs were

available for analysis (Figure 3O). We provide the tailing properties

on a per-locus basis in Table S4. Overall, we conclude that

ssdRNA/mirtron hairpins are the dominant substrates for 30 tailing
among mammalian miRNA-related populations.

TENT2/TUT4/TUT7 specifically modify ssdRNA/mirtron
hairpins and antagonize their activity
We sought to identify specific TENTs, which include TUTases,

that were responsible for mirtron modification. As we previously
8 Cell Reports 42, 112111, February 28, 2023
showed that ectopic expression of a

Drosophila TUTase (Tailor) could modify

and/or inhibit mirtrons,25 we screened

seven available mammalian TENT con-

structs70 for analogous activities. In

testing expression vectors for various

ssdRNA/mirtron constructs, we did not

detect RNA products from several of

these (including mir-6511a, mir-6864/

6865, and hsa-uc010zyo.2). However,

the accumulation of hairpin species from

some constructs was potentiated by co-

expression of Ago2 (e.g., mouse mirtron

mir-1225/Pkd1 and mirtron-Acadvl; Fig-

ure 4A), as reported.38 This aligns with

the notion of homeostatic control of Argo-

naute occupancy76,77 and further indi-

cates that non-optimal Dicer substrates
can associate with Argonaute proteins in Dicer-proficient

cells.38,41,42,78

We determined mammalian ssdRNA/mirtron constructs that

yielded detectable hairpin- and/or small-RNA products and

usedmir-375 as a control canonical miRNA that is not expressed

in HEK293T cells (Figures 4B and 4C). We co-transfected these

small RNA constructs with Ago2 and individual TENT vectors

and assayed their responses using northern blotting. None of

these enzymes had substantial effects on pre-mir-375, although

ectopic TENT2 induced tailing of mature miR-375 (Figure 4B).

Although miR-375 is an miR-3p species, presumably its modifi-

cation was induced at a post-dicing step, and TENT2 (also

termed TUT2 or Gld2) is known to modify mature small

RNAs.79,80 In contrast, pre-mir-1226 hairpin levels were strongly

reduced in the presence of ectopic TENT2, TUT4, and TUT7 (Fig-

ure 4B). Similarly, the hairpin levels of mirtronmir-1225/Pkd1 and

mirtron-Acadvl were robustly reduced by TENT2/TUT4/TUT7,
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Figure 5. Endogenous TUT4/7 and TENT2

selectively modify mirtrons

(A–C) Wild-type and TENT/TUT knockout

HEK293T cells were transfected with mirtron, ca-

nonical miRNA (mir-375), and hAgo2 expression

constructs, and total RNAs were analyzed by

northern blotting. The accumulation of a longer

intermediate-length species for mirtron-Acadvl

(A), pre-mir-1225 (B), and pre-mir-1226 (C) was

reduced in TUT4/7-dKO cells and absent in TUT4/

7+TENT2-tKO cells.

(D) Luciferase sensor assays show that the activity

of mir-1225 and mirtron-Acadvl is increased in

tKO cells. Sensor activities were normalized to

those of cells transfected with a non-cognate

mirtron expression construct; n = 3 for each

experiment and unpaired Student’s t test was

applied. The error bars represent standard devia-

tion; ***p < 0.001, ****p < 0.0001.
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but not TENT1 (Figure 4C). Finally, to assess if these TENTs

could inhibit mirtron activity, we performed luciferase sensor as-

says for mirtron-Acadvl and mirtron mir-1225/Pkd1. We utilized

sensors designed to the 5p ends of these mirtrons, which can

detect their activity as Ago-associated hairpins.38 The repres-

sion capacities of both mirtrons were little changed in the pres-

ence of ectopic TENT1, but strongly reduced upon co-expres-

sion of TENT2/TUT4/TUT7 (Figure 4D).

Altogether, these data indicate that specific TENT enzymes

antagonize mirtron accumulation and activity in mammals, as

with Drosophila Tailor25,26 and C. elegans CID-1.81 However,

we note that (1) TENT2 is homologous to Drosophila Gld2, (2)

mammalian TUT4/7 and nematode CID-1 are distinctive

mammalian TUTases that are absent from Drosophila, marked

by a duplicated (inactive) nucleotidyltransferase domain, and

(3) fly Tailor lacks an apparent direct mammalian homolog.27

Thus, mirtronmodification comprises widespread, yet evolution-

arily convergent, activities in different species.

Combined activities of endogenous TUT4/7 with TENT2
mediate ssdRNA/mirtron tailing
To assess if these TENTs were responsible for endogenous

modifications of mirtrons and ssdRNAs, we utilized a panel of

mutant HEK293T cells bearing mutations in TENT2, TUT4, and/

or TUT7. Due to the challenges in detecting endogenous

mirtrons using northern blotting, we co-transfected mirtron con-

structs (mir-1226, mirtron-Acadvl, and mir-1225/Pkd1) with ca-

nonicalmir-375 and used the latter to assess specificity of modi-

fication changes.

Although TENT2/TUT4/TUT7 each had strong and selective

effects on mirtrons in gain-of-function settings, individual
Ce
knockouts for these factors did not sub-

stantially alter their patterns as hairpins

or mature small RNAs (Figures 5A–5C).

However, we found that TUT4/7-dKO

cells82 resulted in a noticeable shift of

the hairpin forms of all three mirtrons

to a shorter species, demonstrating
that the longer isoforms truly bear untemplated additions

from these TUTases. Although TUT4/7 are the major miRNA

uridylases, there are specific pre-miRNAs (e.g., the ‘‘group

II’’ subclass of let-7 precursors) for which adenylase TENT2

has certain overlapping activities with TUT4/7.72 This encour-

aged us to analyze a triple knockout (tKO) of TUT4/

7+TENT2,83 which nearly eliminated the longer mirtron hairpin

species of mir-1226, mirtron-Acadvl, and mir-1225/Pkd1

(Figures 5A–5C). By contrast, no changes to length isoforms

were observed with hairpin or mature forms of mir-375 in

dKO or tKO cells.

To test for regulatory effects, we focused on Acadvl and mir-

1225/Pkd1. Due to relatively inefficient transfection especially

of tKO cells, we took care to normalize these tests against

non-cognate mirtrons. The responses of Acadvl-5p and miR-

1225-5p/Pkd1 sensors were greater in combination mutants of

these tailing enzymes (Figure 5D). Overall, these assays demon-

strate that multiple TENT enzymes (TUT4/7 and TENT2) are

coordinately involved in endogenous tailing and suppression of

mirtrons in mammalian cells.

Endogenous TUT4/7 with TENT2 broadly modify
splicing-derived small RNAs
Despite early precedents for TENT-mediated regulation of

miRNA biogenesis and/or levels,27 analysis of TENT2 or

TUT4/7 knockouts showed that these enzymes have subtle im-

pacts on overall miRNA biogenesis.68,74,82–84 This is the

case, despite the fact that individual miRNA substrates can

be substantially regulated (e.g., let-7 members). Similarly, in

C. elegans, depletion of the miRNA-regulating TENT enzyme

CID-1 has only minor effects on miRNA accumulation.81
ll Reports 42, 112111, February 28, 2023 9
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Figure 6. Genome-wide analysis of mirtrons in TUT4/7 ± TENT2 mutants

(A) Levels of untemplated modifications to canonical miRNAs and mirtron-derived small RNAs in control, TUT4/7-dKO, and TUT4/7+TENT2-tKO cells. The

normally high frequency of untemplated uridylation to mirtron-derived small RNAs is reduced in dKO and strongly abrogated in tKO cells. Untemplated

adenylation to mirtrons is elevated in dKO but decreased in tKO cells. Error bar represents standard error (SE).

(B) Example behaviors of individual mirtron loci. Although small RNAs are detected from all of these loci, they accumulate substantial or predominant hairpin

reads. Small-RNA sequencing indicates that tailing loss correlates with increased levels in TUT4/7-dKO cells. However, among these, miR-1229 also had

substantially increased small RNAs in TUT4/7+TENT2-tKO cells.

(C) Volcano plots of replicate small-RNA data show unidirectional increase in mirtron-derived species in TUT4/7-dKO vs. control cells. The modest expression of

most mirtron-derived small RNAs hinders quantification; however, there is a bias for increased levels among changed loci that did not meet statistical signifi-

cance. Small-RNA levels were normalized to a set of small-RNA spike-ins.

(D) Analysis of TUT4/7+TENT2-tKO shows a bias toward increased levels of mirtron-derived small RNAs, but this is not as directional as with TUT4/7-dKO cells.

(E) Northern blotting for ssdRNA-Ankrd52, which increases in dKO and tKO cells.

(F) Quantification of ssdRNA-Ankrd52 levels across three independent experiments; n = 3 for each experiment, and unpaired Student’s t test was applied. The

error bars represent standard deviation; **p < 0.01, ***p < 0.001.
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We analyzed the consequences of individual and combina-

tions of TENT enzyme knockouts on different classes of miRNAs

by generating replicate libraries from control, TUT4/7-dKO, and

TUT4/7+TENT2-tKO HEK293T cells. As discussed earlier, while

we used intermediate-length RNA data for annotation, this strat-

egy is of uncertain utility for quantification due to efficient and

biased cloning of structured RNAs. Instead, we focused these

analyses on mirtron-derived small RNAs, since our newly recog-

nized ssdRNAs yield negligible small RNAs in HEK293T.

Although it is well known that a subset of canonical miRNAs is

modified by TUT4/7 and TENT2,73,82,85 to our knowledge, previ-

ous studies did not specifically segregate mirtrons for analysis.

By direct comparison of canonical miRNAs and mirtron-derived

small RNAs, we can observe that both classes received untem-

plated uridylation and adenylation via TUT4/7 and TENT2.

Importantly, however, the vast majority of canonical miRNA spe-

cies from either hairpin arm are not modified, so that the respec-

tive changes in TUT4/7 and TUT4/7+TENT2mutant cells affect a

small portion of total miRNA reads (Figure 6A).

By contrast, the vast majority of mirtron-3p reads are 30-modi-

fied, as mentioned, and their untemplated uridylation is substan-

tially dependent on TUT4/7; this double mutant also yields a
10 Cell Reports 42, 112111, February 28, 2023
concomitant increase in adenylation of mirtron-3p reads (Fig-

ure 6A). In TUT4/7+TENT2 mutant cells, the overall levels of un-

templated additions to mirtron-3p are markedly reduced, almost

to those of canonical miRNA levels (Figure 6A). Nevertheless,

while low, the remaining frequencies of untemplated U/A addi-

tions to mirtron-3p species in triple-mutant cells are actually

somewhat higher than the aggregate untemplated additions to

canonical miRNAs in wild-type cells, suggesting that another

TENT(s) can sense the difference in biogenesis heritage of

miRNA subclasses.

It was earlier reported that small-RNA tailing is linked to down-

regulation by various mechanisms.47,69–71,86 However, it was

more recently concluded that there is no overall linkage between

miRNA tailing and steady-state accumulation,82,87 and tailing-in-

dependent mechanisms for miRNA turnover exist.88,89 Analysis

of canonical miRNAs from these TENT/TUT mutants confirms

expectations that multiple members of the let-7 family are

distinctly and highly upregulated in TUT4/7 and TUT4/

7+TENT2 mutant small-RNA data; these clearly comprise the

dominant targets (Figure S6). In addition, a small subset of other

canonical miRNAs increases in one or both mutants. However,

another subset of miRNAs decreases, while the strong majority
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is unchanged (Figure S6). This extends previous conclusions that

there may be several, and in aggregate non-directional, impacts

of TUT4, TUT7, and TENT2 on canonical miRNAs.83

By comparison, inspection of individual mirtrons in TENT/TUT

mutants showed multiple loci with clearly increased small RNAs

(Figure 6B). With this in mind, we performed systematic analysis

of mirtron-derived small RNAs in TENT/TUT mutants. Indeed,

mirtron products were directionally upregulated in TUT4/7-

dKO cells (among statistically significant changes, 16 increased

and none decreased; Figure 6C). Moreover, loci whose changes

did not reach statistical significance were biased toward

increased levels. Because so many mirtron-derived small

RNAs have modest biogenesis, it is difficult to measure their

levels accurately. Nevertheless, it is evident that uridylation over-

all inhibits steady-state accumulation of mirtrons.

The effect of tailing loss in TUT4/7+TENT2mutant cells on the

accumulation of mirtron-derived small RNAswasmore complex.

Inspection of individual mirtrons (Figure 6B) showed that small

RNAs from some loci increased further in tKO vs. dKO cells

(e.g., mir-1229), but that mature levels were lower in tKO cells

for some others (e.g., mir-1226, mir-3620). On one hand, one

may have expected more severe effects on mirtron processing

in triple mutants, since our biochemical and genomic analyses

showed that TUT4/7+TENT2 mutants exhibit far less tailing on

mirtrons than the double mutant (Figures 5 and 6). However,

we also note other precedents, e.g., group II let-7 members,72

for which the combined tailing activity of TUT4/7 + TENT2 pro-

motes the biogenesis of certain pre-miRNAs, even though

TUT4/7 inhibit the biogenesis of other let-7 members. On the

genome-wide scale, we observe that TUT4/7+TENT2 cells

still exhibit directional increase in mirtron-derived small RNAs

(Figure 6D). Still, these effects are somewhat tempered with

respect to dKO cells.

One interpretation is that general gene expression defects

are greater in triple-mutant cells, and thus tKO cells may har-

bor more indirect effects on mirtron host genes, leading to

compromised signals. However, we also note that mammalian

mirtrons are known to comprise highly heterogeneous hairpin

structures,22,23 which fits with the fact that they are not

subject to gatekeeping by Microprocessor. Notably, unlike

the majority of initially cloned Drosophila and nematode mir-

trons, which generate small RNAs from hairpins bearing 2-nt

30 overhangs,18,19 many initially discovered mammalian mir-

trons lack typical pre-miRNA overhangs.17 Instead, many of

them notably exhibit 1-nt 30 overhangs, or other non-standard
(e.g., 50 overhangs) or heterogeneous overhangs that arise

from presumably imprecise removal of the 50 tail (Figure S7).

For these reasons, and unlike with canonical pre-miRNAs,31,32

it is difficult to assess mirtron hairpin termini systematically.

However, tailing of ssdRNA/mirtron hairpins with 1-nt 30 over-
hangs or 50 overhangs may yield structures that are more

favorable for dicing (Figure S7). Thus, akin to group II let-7

members, abundant mirtron hairpin tailing by multiple TENT

enzymes may paradoxically aid the dicing of a population of

ssdRNAs/mirtrons.

The newly recognized class of ssdRNA loci in this study intrin-

sically does not generate much small RNA, precluding their anal-

ysis. Only 12 ssdRNAs had even one small RNA in any of our
newly made datasets, and we did not observe directional in-

crease in TUT4/7 ± TENT2 mutant cells, except for three paral-

ogs of the known mir-6511 mirtron family. The fact that tailing

loss was insufficient to induce ectopic ssdRNA-derived small

RNAsmay reflect that they are also largely suboptimal Dicer sub-

strates. As an alternative approach to test the accumulation of

endogenous ssdRNA, we assayed several by northern blotting.

We did not succeed for several loci, but obtained robust signals

for ssdRNA-Ankrd52 (Figure 2B), allowing us to compare across

genotypes. These tests show that endogenous ssdRNA-

Ankrd52 is specifically and reproducibly upregulated in TUT4/7

and TUT4/7+TENT2 cells, compared with control and TENT2-

KO cells (Figures 6E and 6F).

Overall, key conclusions from these studies are that, unlike

with canonical miRNAs, the biogenesis of mirtrons into small

RNAs is directionally suppressed by tailing enzymes, potentially

at the levels of both hairpin- and small-RNA accumulation. We

provide comprehensive expression information for different

classes of small RNAs in the panel of TENT/TUT mutants in

Table S5.

Impact of 30-untemplated modification systems on
canonical miRNA evolution
We showed that evolutionarily young ssdRNAs/mirtrons can

broadly associate with core miRNA machinery, including both

Dicer and Argonaute proteins (Figure 3). We hypothesized that

such generally low-level interactions may not exert beneficial

consequences for gene regulation, but instead collectively

contaminate the canonical miRNA pathway (Figure 1). In this

view, tailing is a genomic defense against unvetted RNA hairpins

that have opportunities to associate with canonical miRNA

machinery.

In Drosophila, the effective suppression of mirtrons via the

Tailor TUTase is correlated not only with rapid evolutionary turn-

over of mirtrons across fly species,56 but also with the depletion

of canonical miRNAs bearing terminal 30-AG residues.25,26 This

seems to be accounted for by intrinsic recognition of intron-

derived hairpins bearing signature 30 splice sites by Tailor.90,91

Mammalianmirtrons similarly evolve extremely rapidly, as only

a few percent of ssdRNAs/mirtrons in humans are shared in

mouse.23 However, is there also evidence that the inferred intra-

genomic conflict between splicing-derived hairpins and tailing

pathways has had collateral effects on the modification and/or

evolution of mammalian canonical miRNAs? If so, that might

be the clearest evidence that the role of ssdRNA/mirtron tailing

in mammals is to suppress their incorporation into miRNA regu-

latory networks.

We first addressed this by performing a meta-analysis of

aggregated human small-RNA data (Table S1). Even though

the overall level of modifications to canonical miRNAs is very

low, by combining numerous datasets, we gained sufficient po-

wer to resolve trends for preferred trends of untemplated addi-

tions to different individual 30 miRNA termini (Figure 7). Overall,

these analyses support the following conclusions (see also

Table S4 for per-locus data).

First, 30 untemplated uridylation is biased to occur on pre-

miRNA hairpins compared with mature small RNAs, as reflected

by the far lower frequencies of uridylation on miRNA-5p vs.
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Figure 7. Collateral effect of tailing en-

zymes on canonical miRNA evolution

(A and B) Reverse CDF plots depicting un-

templated mono-uridylation to human miRNA-5p

(A) and miRNA-3p (B) species, compared with

mirtron-3p species. For these analyses, we

considered a single dominant 5p and 3p species

of each canonical miRNA and plotted only

single nucleotide additions; we considered only

mirtron-3p species at splice sites (i.e., bearing -AG

termini) and their untemplated uridylated forms.

At least 10 reads were needed to include

the locus in analysis; this could differ between

5p and 3p loci of the same hairpin. (A) There are

no substantial differences in tailing among mir-

tron-5p and different terminal nucleotide classes

of miRNA-5p species. (B) Mirtron-3p species

are dominant recipients of untemplated 30 ur-

idylation, as seen in other analyses. However,

canonical miRNA-3p species ending in 30-AG
exhibit greater tailing than other canonical

miRNA-3p species that end in 30-G (i.e., UG/CG/

GG = BG), which in turn exhibit greater

tailing than all other canonical miRNA-3p species

(30-A/C/U = H).

(C) Biased evolutionary distribution of miRNA loci based on 30 terminal nucleotides of miRNA-3p species. We segregated conserved miRNAs (i.e., across

Drosophilid phylogeny, at least from D. melanogaster to D. pseudoobscura, or human miRNAs conserved to rodents) from recently emerged loci (only in mel-

anogaster group species or only in primates, respectively). Among recently emerged miRNAs (gray bars) there is a relatively even distribution of miRNAs of

different 30 nucleotides. The apparent excess of 30-U miRNAs may potentially be clouded by the possibility of genome-matching untemplated uridylation. By

comparison, conserved 30-G miRNA-3p loci are depleted in both flies and mammals, as determined by Fisher’s exact test (*p < 0.05).
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miRNA-3p small RNAs (Figure 7A). This difference is particularly

exaggerated for mirtrons, as seen with HEK293T data (Fig-

ure 6A). Next, among unambiguous 30-monouridylation to

miRNA-5p species, there were no substantial differences in the

overall frequencies of tailing to miRNAs that ended in G vs. other

nucleotides (i.e., H = A/U/C) and no substantial difference if we

divided the latter into 30-AG miRNAs and 30-BG miRNAs (where

B = U/C/G). However, the picture was very different for canonical

miRNA-3p species. All canonical miRNA-3p loci that end in G

exhibit enhanced uridylation compared with A/U/C-terminal

miRNAs (Figure 7B), supporting the idea that the tailing mecha-

nism is sensitive to terminal nucleotide identity. In particular, ca-

nonical miRNA-3p reads that end in 30-AG collectively exhibit

greater terminal uridylation than do 30-BG miRNA-3p reads (Fig-

ure 7B). Although the frequency of tailing of such canonical

miRNA-3p 30-AG species remains far lower than that of mir-

tron-3p species, it is consistent with the notion that the uridyla-

tion factor(s) is biased to modify SA mimics.

Next, we evaluated the potential relationship of this with

canonical miRNA evolution. We segregated canonical human

miRNAs into conserved (pan-mammalian) and newly emerged

(only in primates or humans) loci and sorted them by annotated

miRNA-3p nucleotide. This analysis is partially limited by the fact

that many pre-miRNAs are not cleaved uniformly and instead

generate alternative products.31,32 This analysis attributes each

miRNA into one terminal nucleotide group, as it may be more

difficult to interpret if individual miRNAs reside in two or more

such groups. Our analysis of Drosophila miRNAs shows an

apparent excess of canonical miRNAs that end in U and A (Fig-

ure 7C). This might be the case, but it may potentially reflect a

certain degree of ambiguity if some of these are actually untem-
12 Cell Reports 42, 112111, February 28, 2023
plated modifications that happen to match the genome. In any

case, as reported earlier,25 the frequency of 30-G miRNA-3p

loci is near background expectation among newly emerged

miRNAs, but substantially depleted among conserved miRNAs.

Similarly, among human canonical miRNAs, we again find that

30-U is overrepresented among all groups of loci, possibly re-

flecting tailing activity that fortuitously generates reads that

match the genome. However, while human non-conserved

30-G miRNA-3p loci are at the expected frequency, mammalian

conserved 30-G miRNA-3p loci are substantially depleted (Fig-

ure 7C). The underlying statistics for these analyses by miRNA

evolutionary depth are provided in Table S6.

Altogether, we find evidence for parallel evolutionary behavior

of miRNA loci in Drosophila and mammals, in which canonical

30-G miRNA hairpins are specifically underrepresented among

miRNA loci that have survived across distant phylogeny. We

take this to reflect the fundamental and convergent action of

TENT enzymes to suppress this intragenomic conflict, by which

unvetted splicing-derived RNA hairpins gain unwanted access to

the canonical miRNA machinery. This pathway promotes the

evolutionary turnover of ssdRNAs/mirtrons, but also has a collat-

eral impact to deplete similar canonical pre-miRNA hairpins.

DISCUSSION

Tailing defends the canonical miRNA pathway from
parasitic splicing-derived substrates
The ribonucleolytic activity of the spliceosome generates

numerous non-canonical pre-miRNA substrates in diversemeta-

zoan species. While this in principle expands the regulatory

reach of miRNA networks, splicing-derived pre-miRNAs are
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rarely selected for effective maturation of small RNAs and are

typically poorly conserved. We now reveal a much broader uni-

verse of ssdRNAs in mammalian cells, further emphasizing

that an abundance of fortuitous pre-miRNA mimics may not

necessarily benefit normal gene regulation. On the contrary,

their existence may generally be a nuisance to the canonical

miRNA pathway, which is normally initiated by careful substrate

selection and processing by the gatekeeper Microprocessor

complex.31,92,93

Indeed, the modest biogenesis properties of most ssdRNAs/

mirtrons now make ontological sense. The majority of canonical

miRNAs with efficient biogenesis are conserved and selected for

effective biogenesis features, whereas most mirtrons are

recently emerged and appear to have fortuitous access to

miRNA biogenesis factors. We conceive that tailing enzymes

comprise a genomic defense against the assault of unvetted

ssdRNA/mirtron species and take advantage of their dominant

signatures (i.e., hairpins that end in SA signals). Remarkably,

we find evidence for widespread inhibition of splicing-derived

hairpins by tailing, despite the fact that the underlying mirtron

pathways, substrate molecules, and even relevant TENT en-

zymes are not shared between Drosophila25,26 and mammals

(this study). A further wrinkle is that C. elegans, in which

mirtron-3p-30 termini are highly uridylated,75 contains a TUT4/7

homolog named CID-1/PUP-127 that is responsible for tailing

mirtrons and canonical miRNAs.81 Although it is difficult to be

certain of their evolutionary history, the distinct major strategies

for splicing-derived miRNA biogenesis and defense in inverte-

brates and mammals20,23,56 suggest they may have emerged

independently. If so, this could reflect inherent sensitivities of

the canonical miRNA pathway to molecular parasitism and

thus recurrent cycles of infiltration and suppression.

During revision of this study, Svoboda and colleagues re-

ported a role for the mammalian Dicer helicase domain as a

‘‘sensor’’ that prevents it from processing long dsRNA.94 Since

mirtrons have heterogeneous structures, owing to bypass of

quality control by Microprocessor, a subset of them have atypi-

cally long stems.23 Strikingly, in DicerDhel cells, there is

increased dicing of a subset of miRNA loci, and these turn out

to be substantially enriched in mirtron loci.94 Thus, it seems there

are indeed two parallel strategies that oppose ssdRNAs/mir-

trons: direct recognition and modification by TENT enzymes

and also direct inspection of structures by Dicer helicase. We

take this as a further indication of the importance of preventing

access of fortuitous splicing-derived substrates to the canonical

miRNA pathway.

Overall, the evolutionary dynamics of ssdRNAs/mirtrons

appear to conform to a Red Queen arms race of intragenomic

conflict.95 An analogy may be found in the transposable ele-

ments (TEs), whose actions are generally deleterious to host ge-

nomes and organismal fitness and thus require specialized and

efficient mechanisms of host defense. Some of these molecular

defenses against TEs can have knock-on effects on endogenous

gene regulation (i.e., heterochromatinization and/or piRNA-

mediated post-transcriptional silencing). At the same time, a

subset of TEs can over time become ‘‘tamed’’ and incorporated

into normal and essential gene regulatory pathways, contributing

both cis-regulatory sites and host transcription factors.96
By analogy, we propose that most ssdRNAs/mirtrons have

fortuitous association with canonical miRNA machinery and

thus have deleterious impacts, by displacing access of bona

fide miRNA substrates to limiting miRNA factors76 and/or by

effectively inducing off-target gene regulation. Even though the

regulatory influence of individual low-expressed loci may be

modest, it is not difficult to envision that the collective impacts

of many hundreds of such loci associating with Dicer and/or

Ago necessitates a vigorous defense. Such a tailing defense

has had detectable collateral impact on canonical miRNA

biogenesis and evolution, in the form of depletion of conserved

pre-miRNAs that resemble splicing products. However, this is

presumably an acceptable price to pay to enable purification of

the canonical miRNA pathway. At the same time, a small handful

of splicing-derivedmiRNAsubstrates havebecome incorporated

into normal regulatory networks, as evidenced by higher steady-

state accumulation and evolutionary persistence.17,23 Thus, even

enemies of the state can in the end become allies.

Quality control in the miRNA pathway
There is increasing recognition for the importance of quality con-

trol and surveillance pathways that function at molecular, organ-

ellar, and cellular levels.97 These are not always essential for

normal operation of a given pathway or process. That is, cell

and/or organismal viability can tolerate a certain amount of noise

or frank contamination of regulatory pathways. But the fact of

numerous documented quality control mechanisms reflects

that suboptimal performance will be outcompeted in wild set-

tings or over evolutionary timescales.

Within Argonaute pathways specifically, diverse strategies

have been reported. While untemplated tailing was the first strat-

egy implicated,28 many molecular mechanisms have now been

described. For example, plants utilize multiple factors to prevent

inappropriate small RNA clients of the miRNA effector AGO1.

The F-box SCF component FBW2 targets unloaded AGO1 for

turnover. This pathway is not intrinsically needed for normal

development, but fbw2 mutants can access illegitimate small

RNAs for gene silencing.98 Similarly, the nucleotidase/phospha-

tase FIERY1, in concert with exoribonucleases XRN2 and XRN3,

suppresses rRNA-derived small interfering RNAs (risiRNAs). In

their absence, risiRNAs not only accumulate aberrantly but

also can misload into AGO1, thereby interfering with miRNA

regulation.99,100 The complex intersections of plant small RNA

pathways also necessitate TUTase enzymes (URT1 and

HESO1) and decapping factors,101–103 as well as efficient ribo-

some release and RNA exosome activity,104 to limit miRNA-

induced production of secondary siRNAs. Finally, direct analysis

of plant pre-miRNAs reveals both untemplated uridylation and

cytidylation, with the former mediated by HESO1 and the latter

mediated byHESO1/NTP6/NTP7.105 A combination of functional

impacts was inferred, with some trimmed pre-miRNAs subject to

hairpin repair to promote biogenesis, while others were subject

to HESO1-mediated oligouridylation for turnover.

The action of tailing enzymes for quality control in small-RNA

pathways is presumably ancient or highly recurrent, given its

evolutionary breadth. Beyond plants, the yeast TENT enzymes

Cid16 (adenylase) and Cid14 (uridylase) are involved in RNAi

quality control via the exosome, by tailing and degrading small
Cell Reports 42, 112111, February 28, 2023 13
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RNAs from euchromatic loci that might inappropriately lead to

their heterochromatic silencing.106 In animal cells, target-

directed miRNA tailing and degradation was proposed to purify

the contents of Ago proteins.86 TUT4/7 lie at the heart of one

of the first paradigms of regulated miRNA biogenesis.70,71,107

They are recruited by LIN28, a specificity determinant that iden-

tifies pre-let-7 target hairpins.108–112 Subsequent polyuridylation

of pre-let-7 hairpins leads to their degradation by the Dis3L2

nuclease.113,114 Similarly, TUT4/7 were found to promote turn-

over of defective pre-miRNA hairpins.47 An opposite role is

proposed for the same enzymes, along with TUT2, in which

monouridylation of certain pre-let-7 hairpins with suboptimal

overhangs (group II) improves their dicing.72 Pre-miRNA uridyla-

tion by TUT4/7 has also been described to alter the Dicer

processing register, and thus the functional miRNA output, of

an individual hairpin.73 In addition, TUT4/7 can also enhance

the base-pairing properties of an miRNA, thereby adjusting its

targeting capacity.115 Thus, tailing can lead to downregulation,

upregulation, or altered function of an miRNA and can target

both specific loci and entire classes of miRNA substrates.

Limitations of the study
Methodologies to clone and sequence short RNAs have been

optimized for presumably unstructured linear species, such as

mature miRNAs. It is known that highly structured species

such as pre-miRNA hairpins are typically recalcitrant to

adaptor ligation, and they may further be subject to biased

amplification during library construction for intermediate-sized

RNA species. For example, the levels of known canonical pre-

miRNAs in such libraries may not correspond to their behavior

on an independent assay, such as northern blotting. Accord-

ingly, there are very few studies of pre-miRNA analysis from

deep sequencing. This study focused on the annotation of

previously unrecognized species in intermediate libraries

that resemble pre-miRNA hairpins, but it remains unknown

how quantitatively reliable the counts from such libraries

are. Therefore, at present, until technical improvements are

developed, it may be challenging to directly infer, for

example, dicing efficiency or relative expression of pre-miRNA

and pre-miRNA-like species from intermediate-length RNA-

sequencing data.
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Lead contact
Requests for materials and bioinformatic methods should be directed the lead contact, Eric Lai (laie@mskcc.org).

Materials availability
All plasmids generated for this study are available upon request.

Data and code availability
d All of the raw sequencing data for K562 Ago2-IP intermediate data, and replicate libraries of HEK293T, TUT4/7-dKO and

TENT2/TUT4/7-tKO small RNA data, were deposited in NCBI Gene Expression Omnibus under accession GSE206186.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

The HEK293T and K562 cell lines have been used in this study with standard culture condition (DMEMculturemedium supplemented

with 10% fetal bovine serum, FBS).

METHOD DETAILS

Processing and curation of human small RNA, intermediate-sized RNA, and CLIP-seq data
We collected 756 small RNA, 8 intermediate-length RNA, and 255 CLIP-seq datasets from various tissues/cell lines from NCBI GEO/

SRA. The accession numbers of datasets analyzed in this study are summarized in Table S1. Amongst these, 180 human small RNA

datasets were added since our previous meta-analysis.22 Of particular importance to the annotation of splicing-derived RNAs in this

study were datasets of human intermediate-length RNAs, generated by sequencing of Ago2-associated RNAs fromHEK293T cells49

or from HeLa total RNAs depleted of abundant ncRNA species using antisense LNAs.50

After removing 3’ adaptor sequences, we mapped small RNA reads to human (hg38) genome assembly. Unmapped reads were

iteratively trimmed one nucleotide each iteration retaining a read length ofR15 nt, and thenmapped to the genome using Bowtie with

nomismatches, up to 5 iterations. After removing both 5’ and 3’ adaptor sequences, wemapped intermediate-length RNA reads and

CLIP-seq reads to human (hg38) genome assembly using Biowtie2 with the default parameters. The uniquely mapped reads were

extracted by ‘‘samtools view -bq 20’’ and the coverage normalized by library sizes were generated for the downstream analysis.

Intermediate-length RNA Ago2-IP library from K562 cells
Lentiviral particles for control shRNA were produced in HEK293T cells and 5 ml cell culture supernatants containing lentivirus were

added to K562 cells grown in 60 mm dishes. Four days after virus infection and puromycin selection, cells were collected for Ago2 IP

using Ago2 antibody (Abnova) and the RNA products were purified using Trizol and PAGE-size selected for the intermediate frag-

ments between 40 nt and 80 nt. These intermediates are ligated to 3’ adapter using T4 RNA Ligase 2 (truncated KQ) and then purified

for reverse transcription by barcoded primer containing complementary sequences to the 3’ adaptor on the RNA. Following, the

cDNA products are purified on PAGE and circularized using CircLigase II, annealed to the Cut Oligo and digested using BamHI.

Finally, the library is amplified from the linear cDNAs using Phusion High-Fidelity PCR master mix with P5/P3 Solexa primers for
20 Cell Reports 42, 112111, February 28, 2023
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20 cycles. The PCR products are purified on Novex 8% TBE gel and send for sequencing with HiSeq 4000 in PE100 mode. Oligo

sequences used for shRNA transduction and library preparation are provided in Table S7.

Small RNA libraries from HEK293T cells
For small RNA analysis, we extracted biologically independent total RNA samples from HEK293T, TUT4/7-dKO and TENT2/TUT4/7-

tKO cells using Trizol (Invitrogen) according to the manufacturer’s instructions. 1 mg of total RNA were used to generate small RNA

libraries for each sample. After adding 1 mL of QIAseqTM miRNA Library QC Spike-Ins (QIAGEN) to total RNA, 3’ linker was ligated to

total RNA in the reaction containing 100mM 3’ linker, T4 RNA Ligase 2, truncated KQ (NEB), 10% PEG8000, 1X RNA ligation buffer,

and 20 U RNase OUT overnight at 17�C. Using radio-labeled oligonucleotides as size-markers, 48-57 nucleotide sized 3’ linker-

ligated small RNAswere purified by 12%Urea-PAGE gel. The small RNA-linker hybrid was then subjected to 5’ ligation reaction over-

night at 17�C containing 100 mM 5’ adaptor, 20% PEG8000, 1X RNA ligase buffer, 1 mM ATP, 20U RNaseOUT and 5U T4 RNA ligase

1. The linker ligated RNAs were reverse transcribed, and PCR amplified using 12 cycles of PCR with forward and Illumina

index reverse primers and the amplified libraries were purified by 8% non-denaturing acrylamide gel. Sequencing was performed

with HiSeq 4000 in PE50 mode. Oligo sequences used for library preparation are provided in Table S7.

Each of the small RNA sequencing libraries were processed by merging two overlapping paired reads into a single read using

BBMerge, and the adaptor sequences were subsequently removed. The reads were then collapsed to remove PCR artifacts using

fastx_collapser, and the 5’ and 3’ end linker sequences were clipped. We then mapped small RNA-seq reads from these datasets to

the hg38 genome assembly. Unmapped reads were iteratively trimmed one nucleotide each iteration retaining a read length of 15 nt,

and then mapped to the genome using Bowtie with no mismatches, up to 30 iterations. The reads were required to match the micro-

RNA mature sequences of both canonical miRNAs and mirtrons.23 with at least 15 nt overlap and within 2 nt of the 5’ end. The reads

mapped to the spike-in sequences were counted. We normalized small RNA-seq by total spike-in reads in each library. We per-

formed small RNA differential expression analysis between TUTase double and triple mutants against wild type using Bioconductor

R package Limma.

ssdRNA identification and annotation
The sequencing coverage bigwig files from intermediate-length RNA libraries were merged. We applied a custom method to call

peaks genome-wide as follows. We first called peaks genomewide with different coverage cutoffs: R 2 RPM, R 5 RPM, and R

10 RPM. The peaks were combined from different cutoffs and merged to keep the unique peaks by filtering out the peaks with lower

cutoffs if they overlapped with those with higher cutoffs. The called peaks were annotated using Ensembl gene annotation GRCh38

(v100), and the peaks with a distance of % 10 nt to the intron ends and R 30 intermediate-length RNA reads were retained. The

known RNAs and mirtrons, as well as the reads from sRNA, intermediate-size, AGO CLIP-seq and DICER CLIP-seq datasets,

were further used to annotate these peaks.

Since we sought to annotate a new RNA class without previously known concrete attributes, we inspected the read patterns at of

the initially 1000s of intronic loci by hand to derive the confident set of ssdRNAs. These were regrouped and their attributes were set

to exceed these cutoffs: Minimum total intermediate readsR 30 reads; MFE /base% �0.08 (MFE% �9); Hairpin distance to intron

ends (not including tailed reads):% 4 nt. Many loci fall short of these cutoffs but appear similar to annotated ssdRNAs; it is likely that

additional ssdRNA would be confident with further intermediate-sized RNA data or other cell/tissue profiling.

Analysis of 3’ untemplated additions
Mirtron and ssdRNA hairpin boundaries were defined on the basis of intron splice donor (GT) or acceptor (AG) sequences. The deri-

vation of mirtron-3p and ssdRNA-3p reads from splicing permitted us to utilize the ‘‘AG’’ splice acceptor as an external reference for

the primary-processed species. Thus, reads that extended past the ‘‘AG’’ likely bear untemplated nucleotides, and were called as

such regardless of whether they match the genome or not. The boundaries of canonical pre-miRNA hairpins were based onmiRBase

v20 with sequences defined by the most abundant matching read from all aggregated small RNA libraries analyzed in this study.

The reads were required to match to the defined mirtron, ssdRNA and canonical miRNA sequences with at least 15 nt overlap, and

within 2 nt of the 5’ end. Trimmed reads were required to match within 4 nt of the defined 3’ end, with no restriction on 3’ end of tailed

reads in order to analyze tailing events. The trimmed reads were not considered for the tailing analysis.

For comparison, we used bulk intron ends as controls, for which we removed those containing identified mirtrons and having a

minimum free energy (MFE) of the 150nt window from intron 3p ends less than 90% percentile of mirtron MFEs. To analyze bulk

intron-3p reads, we selected human and mouse introns with R1 AG terminal read, for which any longer reads terminated 1 or 2

nt downstream. This filter therefore discarding all loci for which intron annotations may be spurious, including loci that exhibit a prob-

able signature of degradation reads across an annotated site; reads from these loci are expected to actually be genome-derived as

opposed to bearing 3’ untemplated additions beyond the AG splice acceptor.

To quantify mono-nucleotide tailings, we calculated the percentage of reads that extended exactly one nucleotide beyond the

defined miRNA sequence or bulk intron end, relative to the total number of reads (mono-nucleotide tailed reads and unmodified

reads). t -test was used to measure statistical significance of mean frequency of mono-nucleotide tailings amongmirtrons, canonical

miRNAs, and bulk intron ends.
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Analysis of miRNA evolution
For canonical miRNA-3p species, we searched the sequence conservation of a conserved 7-mer seed region to be conserved

across UCSC human or Drosophila multiple alignments. For human, we required a conservation PhyloP score of a miRNA greater

than 1.3 to be conserved and less than 0 to be non-conserved. ForDrosophila, we required conservedmiRNAs fromD.melanogaster

to D. pseudoobscura, and non-conserved miRNAs to be only in melanogaster group species.

Small RNA Northern blotting
10–50 mg of total RNAwere resolved on 15%Urea acrylamide gel (SequaGel UreaGel System, National Diagnostics) in 1X TBE buffer,

and transferred to GeneScreen Plus membrane (PerkinElmer). After UV-crosslinking or EDC (1-ethyl-3-(3-dimethylaminopropyl) car-

bodiimide)-mediated chemical crosslinking, the membrane was hybridized with 5’ end labeled oligonucleotides with (g-32P)

ATP for overnight at 42�C. The membrane was exposed to phosphorimaging plate (Fujifilm) and read by BAS-3000 system (Fujifilm).

Sequences of Northern probes are listed in Table S7.

Luciferase sensor assays
1-40 and 46–85 position of Acadvl hairpin sequences were PCR amplified from pcDNA3-mmu-ACADVL and cloned into psiCHECK2

luciferase sensors, to generate Acadvl-5p and Acadvl-3p sensor, respectively. Primers used for cloning are listed in Table S7. Mirtron

overexpression vectors for mouse Acadvl and mir-1225/Pkd1, and miR-1225/Pkd1 sensor, were published previously.38

To perform sensor assay, 1 3 105 HEK293T cells were seeded per well of 96-well plate and transfected with 50ng mirtron-over-

expression constructs, 50ng psiCHECK2 sensors and 15ng Ago2-overexpression construct. Luciferase were measured 2 days after

transfection using Dual Glo luciferase assay system (Promega) and Cytation5 (BioTek) according to the manufacturer’s instructions.

The fold repression values were normalized to luciferase activity measured by expression of the sensor co-transfected with non-

cognate target mirtron. Individual tests were done in quadruplicate and the averaged values from three biological replicate samples

were subjected to statistical analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

For sensor assays presented in Figures 4D and 5D, unpaired Student’s t test was used to evaluate significance of comparisons be-

tween repression activity of mirtrons against their sensors in different genetic backgrounds. The error bars represent standard de-

viation and p-values are denoted above bars in the figures above.

For quantification of Northern blot signals represented in Figure 6F, mean ratios of either the ssdRNA-ANKRD52 or miR-16 from

triplicate experiments were plotted and unpaired Student’s t test was performed to evaluate significance in accumulation patterns of

ssdRNAs under the denoted mutant backgrounds.
22 Cell Reports 42, 112111, February 28, 2023
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