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Ever since microRNAs (miRNAs) were first recognized as an extensive
gene family >20 years ago, abroad community of researchers was
drawn to investigate the universe of small regulatory RNAs. Although
core features of miRNA biogenesis and function were revealed early
on, recent years continue to uncover fundamental information onthe
structural and molecular dynamics of core miRNA machinery, how
miRNA substrates and targets are selected from the transcriptome,
new avenues for multilevel regulation of miRNA biogenesis and
mechanisms for miRNA turnover. Many of these latest insights were
enabled by recent technological advances, including massively
parallel assays, cryogenic electron microscopy, single-molecule
imaging and CRISPR-Cas9 screening. Here, we summarize the current
understanding of miRNA biogenesis, function and regulation, and
outline challenges to address in the future.
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Introduction

It has been 30 years since curiosity-driven research into Caenorhab-
ditis elegans development yielded the first insights into microRNAs
(miRNAs)"?, and their general regulatory and targeting principles
were evident from Drosophila molecular genetic studies®” even
before knowledge of miRNAs in this species®. In 2001, miRNAs were
recognized as abroad class of small RNAs across higher eukaryotes’’,
triggering intense research into this new regulatory paradigm across
scientific disciplines. The next decade revealed major catalogues of
conserved miRNA loci, molecular factors central to miRNA biogenesis
and function, and their regulatory mechanisms.

miRNAs are RNAs-~22 nucleotidesinlength that derive from longer
primary miRNA (pri-miRNA) transcripts, which bear one or more hair-
pins (Fig. 1a). Most miRNA hairpins derive from non-coding transcripts
orintrons; few overlap exons of protein-coding genes. Most conserved
miRNAs (that is, shared across vertebrates) are generated through a
canonical pathway involving two RNase Il enzymes'® (Fig. 1a). First,
the hairpin base of a pri-miRNA transcript is ‘cropped’ by the nuclear
Microprocessor complex, comprising one RNase Ill Drosha molecule
bound to two copies of its partner DGCRS, releasing a precursor miRNA
(pre-miRNA) hairpin ~55-70 nucleotides in length. The pre-miRNA is
exported to the cytoplasm and cleaved near the terminal loop by
the RNase Il Dicer, yielding a miRNA duplex that can interact with a
member of the Argonaute (Ago) protein family. Following discard of
the miRNA* species (also known as the passenger strand), a process
governed by sequence and structural features of the duplex, the mature
single-stranded miRNA guides the Ago complex to repress complemen-
tary RNA targets". Additional non-canonical miRNA pathways exist that
are Drosha-independent (Fig. 1b) and/or Dicer-independent™ (Fig. 1c).
Knowledge of such atypical pathways enables the design of synthetic
substrates that efficiently bypass both RNase Il enzymes to generate
functional miRNAs"*,

Although various modalities of miRNA-target pairing have been
proposed, repression of metazoan mRNAs almost always involves ‘seed’
pairing to nucleotides 2-8 of the miRNA*"", Argonaute-miRNA-
target structuresreveal astructural basis for such pairing, asthe miRNA
seed is pre-arranged into an A-form conformation that is primed for
base-pairing with its target mMRNA'*°, Repression of seed-matched
targetsis mediated by the Ago adapter GW182 (TNRC6), which recruits
additional factors for mMRNA degradation and/or translational repres-
sion. Allfour mammalian Ago proteins regulate seed-matched targets,
but Ago2 uniquely exhibits the ability to use endogenous miRNAs and
synthetic small RNA guides to cleave extensively paired targets”*, an
activity that does not require cofactors and mediates experimental
RNA interference (RNAi). Under specific circumstances, Ago3 can also
cleave targets®>*, although the biological significance of this requires
further study.

These core aspects of miRNA biogenesis and function were
revealed using traditional biochemistry, molecular genetics and cell
biology approaches, along with deep sequencing and X-ray crystal-
lography. Catalysed by recent technical innovations and experimental
strategies, including high-throughput substrate assays, cryogenic
electron microscopy (cryo-EM), single-molecule approaches and
CRISPR screening, the last decade has witnessed the emergence of
novel insights into miRNA pathways. Here, we review the application
ofthese techniques to the miRNA pathway (Table 1). Although we focus
onrecentworkinmammaliansystems, research across diverse species
has and continues to be foundational, and we highlight relevant miRNA
research from non-mammalian organisms throughout.

High-throughput miRNA assays

Until recently, direct experimental tests of miRNA biogenesis and func-
tioninvolved smallto medium-scale assays, such asin vitro processing
of specific miRNA substrates, and reporter assays of variant miRNA-
target pairing configurations. Genomic profiling, such as small RNA
sequencingor transcriptome measurements, inherently yields broad
information. However, endogenous data sets have limitations for inter-
pretation, including a panoply of indirect effects and the inability to
query cell-specificloci, and limited ability to assay synthetic variants.
Overcoming these challenges, creatively designed massively paral-
lel substrate processing assays and Ago binding assays (Fig. 2a) have
enabled new insights into miRNA biogenesis and target regulation.

Features of Drosha (pri-miRNA) substrates and cleavage

As a gatekeeper for RNA transcripts entering the canonical miRNA
pathway (Fig. 1), pri-miRNA surveillance provides the first checkpoint
for miRNA substrate selection®. Early assays of pri-miRNA variants
demonstrated theimportance of general structural features, including
adouble-stranded stem of -35 bp, flanking single-stranded sequences
and a single-stranded terminal loop of >10 nucleotides®* (Fig. 2b).
However, these features are insufficient to discriminate genuine
miRNA hairpins amongst millions of seemingly comparable hair-
pins from RNA secondary structure predictions, suggesting other
determinants.

High-throughput miRNA processing assays enable systematic
discovery of sequence and structural features within functional miRNA
substrates. Specific pri-miRNAs can be used as a foundation for large
variant pools, which are then subjected to in vitro cleavage using cell
lysate or purified Microprocessor (Fig.2a). The processed products are
purified, sequenced and compared with the initial pool to determine
preferred features of effective pri-miRNA substrates. Initial assays
recapitulated general features of the effective pri-miRNA substrates
mentioned above and revealed novel attributes such as UG in the 5
basal junction, UGU/GUG in the apical junction, CNNC in the 3’ flank-
ing region® and a mismatched GHG (mGHG) motifin the lower stem®'
(Fig. 2b). Some of these motifs were suspected to be recognized by
Drosha or DGCRS (see also structural studies below). For example,
hemin (an Fe**-bound porphyrin, distinct from haem which is an Fe*'-
bound porphyrin) enhances the interaction between the DGCR8
dimerandtheapicalloop, especially with the UGU motif, to ensure effi-
ciency and fidelity of pri-miRNA cleavage®**. Other motifs revealed new
molecular players, such as the recognition of 3’ CNNC by SRSF3, which
aids proper positioning of Microprocessor’®***, Additional features
include how mismatches, wobble base pairs and bulges in the upper
stem of pri-miRNA hairpins can influence Microprocessor efficiency
andaccuracy’®”. Notably, the overall hairpin structure remains central
to efficient cleavage of pri-miRNAs, and no primary motif seems essen-
tial. However, this ‘menu’ of motif features can compensate or enhance
miRNA biogenesis when the pri-miRNA lacks optimal structural fea-
tures’. Reciprocally, knowledge of optimal pri-miRNA backbones can
improve designs for highly efficient RNAi vectors®-*,

More recently, comprehensive pri-miRNA processing assays
involving a large number of endogenous pri-miRNAs, in vitro**° or
in cells*, evaluated the processing efficiency and accuracy in greater
quantitative detail. These studies echoed earlier smaller-scale assays*
inrevealing that numerous pri-miRNAs in the miRBase registry* were
not processed above background*®*, and may be false entries**. Still,
both in vitro and transfected assays have their own limitations, as
robust in vitro microprocessing may not fully recapitulate aspects
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of in vivo regulation. In addition, assays of transfected plasmids do
not mimic normal genomic or chromatin context. An open question
from these studies arises from the fact that in vitro cleavage of pri-
miRNA hairpins reveals aberrant products, such as nicked hairpins
orinverted processing***. It remains unclear whether these aberrant
products are in vitro artefacts or biochemically valid activities that
require suppressioninvivo.

Features of Dicer (pre-miRNA) substrates

General features of pre-miRNA hairpins that enable Dicer cleavage
emerged fromin vitro and in vivo mutational studies of endogenous
and synthetic pre-miRNAs. An optimal pre-miRNA usually contains a
5-end monophosphate, a 3’-end two-nucleotide overhang, adouble-
stranded stem of >20 bp and a single-stranded terminalloop*®. These
features are incorporated into several different models of dicing
control (Fig. 2c).

Initial studies revealed that Dicer usesits PAZ domain to recognize
the 3’-dinucleotide overhang and measure ~21-25 nucleotides (depend-
ing on the species) to cleave the double-stranded RNA (dsRNA) stem
and release the small RNA duplex**". This so-called 3’-counting rule
emphasized ‘ruler’-like activity of Dicer to cut at a prescribed distance
fromthe 3’ substrate terminus. Subsequent work revealed a5’-counting
rule, whereby human Dicer can also recognize the 5’ phosphorylated
end of the pre-miRNA hairpin and cleave the hairpin stem -22 nucleo-
tides fromthe 5’ end*’. Notably, it is not clear how Dicer selects different
counting rules for different miRNA substrates. Finally, the distance
betweenthe 5’ end of miRNA-3p species and the adjacent bulge or loop
in the pre-miRNA hairpin influences the Dicer cleavage site, termed
theloop-counting rule®. When this distance is two nucleotides, Dicer
preferentially cuts precisely at the 5 end of miRNA-3p. Distances other
than two nucleotides lead to heterogeneous Dicer cleavage, yielding
multiple miRNA isoforms (Fig. 2¢).

Massively parallel substrate assays confirm these features and
reveal new ones. For instance, recent large-scale assays of pre-miRNA
variants revealed a conserved GYM motif (paired G, paired pyrimi-
dine and mismatched C or A) near the cleavage site of human Dicer.
The GYM motif is recognized by the double-stranded RNA-binding
domain (dsRBD) of Dicer and can override other counting rules
for dicing®. Another study of 20,000 pre-miRNA variants showed
that a single-nucleotide bulge near the terminal loop on the 3’ arm
(22-bulge) can promote pre-miRNA dicing and enhance gene silenc-
ing** (Fig. 2c¢). Ultimately, comprehensive knowledge of combined
Microprocessor and Dicer substrate features may permit effective
bioinformatic prediction of canonical miRNAs directly from indi-
vidual genomes, thatis, without considering phylogenetic conserva-
tion. This remains an enticing challenge, and deep learning methods
may bring us closer to the goal of recapitulating in silico what a cell
does quite naturally.

Comprehensive analysis of Argonaute targeting

The functional Ago complex, sometimes referred to as the single-
stranded guide RNA-induced silencing complex (RISC), identifies
targets via base-pairing of loaded RNA (Fig. 2d). The most abundant
miRNA target sites (canonical sites) contain six or seven contiguous
base pairs between the miRNA seed region (preferentially nucleo-
tides 2-8 of the miRNA) and its target mRNA®'® (Fig. 2d). Such mini-
mal matching to miRNA 5’ ends is necessary and often sufficient for
target regulation™". Activity of the seven-nucleotide seed match is
enhanced by a target adenosine opposite the first miRNA position

(t1A). miRNAs usually begin with U, which appears to base-pair with
t1A (Fig.2d). However, as the miRNA 5’ base isbound by the specificity
loop in the Ago MID domain®, it is not actually available for pair-
ing"®?°. Instead, Ago proteins exhibit intrinsic binding preference for
miRNA 5’-U, and possess a solvated surface pocket that specifically
binds t1A (ref. 57).

Some canonical sites contain additional base-pairing, although
this does not necessarily enhance silencing. However, rare non-
canonical sites lacking six contiguous seed matches can be compen-
sated by extensive 3’ base-pairing (positions ~13-16), a phenomenon
termed supplemental or 3’-compensatory pairing'® (Fig. 2d). Other
examples of non-conventional miRNA targeting include extensively
‘centred’ base-pairing™, and certain variations of interrupted seeds***°
(Fig. 2d). Furthermore, other putative, non-canonical miRNA-target
pairing interactions have been reported from Ago-CLIP and reporter
studies® 2. In general, it is unclear whether non-seed miRNA-target
interactions canbereconciled with structural data of Argonaute regula-
tory complexes. To address this more systematically, large-scale assays
arecritical. One study used high-throughputimaging-based assays to
assay the binding energies, association and cleavage rates of 40,000
target site variants for two miRNAs (let-7a and miR-21)®*. This work
revealed some distinctions in the behaviour of individual miRNAs,
likely attributable to different G/C contentin the seed region. Ago RNA
bind-n-seq (RBNS) assays were also applied®’. In such experiments,
purified complexes of Ago2 loaded with an individual miRNA were
incubated with large random RNA oligo pools, and bound targets
were sequenced to infer binding affinities (Fig. 2a). Testing differ-
ent concentrations of Ago2-miRNA complex with RBNS showed that
binding to different site types was dependent on the concentration
of the Ago2-miRNA complex, and detected binding idiosyncrasies of
specific miRNAs. Whereas expected classes of seed-based matches
correlated with binding efficacy and regulation, non-canonical sites
were documented with certainmiRNAs, although these tended to be of
low affinity and did not reliably confer repressionin functional sensor
assaysincells. Overall, miRNA-target site binding affinity is the major
determinant of miRNA-mediated target repression®, but 3’ pairing can
have substantial effects depending on the miRNA sequence®.

Local features such as flanking AU-rich dinucleotides and struc-
tural availability of the miRNA target site can enhance or enable Ago
binding.In addition, miRNA-mediated repressionis strongly enhanced
whensitesresidein 3’ untranslated regions (UTRs), whichis attribut-
able to dislodging of Ago complexes by translocating ribosomes®®®.
However, coding sequence (CDS) sites can be functional, especially
in the vicinity of rare codons® or within CDS repeats®. Another vari-
ation was reported for atypical CDS sites lacking seed matches but
with 3’-compensatory pairing®. This configuration was concluded
to operate in a GW182-independent manner to repress translation
by inducing transient ribosome stalling. Although the endogenous
regulatory contribution of such sites remains unclear, 3’-only pairing
configurations were detected in Ago2-RBNS with select miRNAs®*.

miRNA modification can also modulate target binding. The most
frequent 3’ non-templated addition of miRNAs is uridine’, which
may enhance 3’ supplemental pairing to certain sites. For example,
a non-functional miR-27a site with limited seed match is responsive
to 3’-uridylated miR-27a, which extends pairing with adenosinein the
target”’; this phenomenon was termed tail-U-mediated repression
(TUMR). This is consistent with evidence that a lengthened miRNA
3’ end can lead to expanded and stronger 3’ supplementary pairing
interactions’. Reciprocally, miRNAs can be trimmed from their 3’ ends.
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Anew study reports that under high Mn?* conditions, 3’ exonucleases
including1SG20, TREX1and ERI1/3’hExo can execute extreme trimming
of Ago-loaded miRNAs into tiny RNAs of ~14 nucleotides” (Fig. 2e).

Moreover, certain miRNA-derived tiny RNAs can activate cleavage
activity of Ago3. Although the in vivo significance of this mechanism
remains to be determined, high Mn?* conditions during stress or viral
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Fig.1| Canonical and non-canonical miRNA biogenesis pathways. a, Canonical
microRNA (miRNA) biogenesis. A primary miRNA (pri-miRNA) transcribed by
RNA polymerase Il (Pol II) is cleaved in the nucleus by Microprocessor (Drosha-
DGCRS). The resulting precursor miRNA (pre-miRNA) is exported to the
cytoplasm by Exportin 5 (Exp5), amember of the nuclear transport receptor
family. Once there, Dicer cleaves the terminal loop to yield a miRNA duplex
thatisloaded into an Argonaute (Ago) protein. After removal of the passenger
strand (blue), the single-stranded mature miRNA (red) guides the functional Ago
effector complex (now termed RNA-induced silencing complex (RISC)) to silence
complementary RNA targets. Cleavage sites are denoted by grey arrowheads.

b, Non-canonical mechanisms of miRNA biogenesis, involving the generation

of pre-miRNA hairpins independent of Microprocessor. Left: mirtrons are pre-
miRNA mimics generated by the splicing machinery and intron-debranching
enzymes, thereby bypassing Microprocessor”®?”’, Middle: MHV (murine hepatitis
virus) tRNA biogenesis via RNase Z (grey arrowhead) can liberate functional

218

pre-miRNAs”®, Right: RNA Pol Il transcription can directly yield pre-miRNAs
bearing a 5’-cap (m’G), which are exported to cytoplasm by XPO1, as exemplified
by the mir-320 family. Because Ago binding requires 5’-monophosphate, Dicer
cleavage of capped pre-miRNA hairpins yields mature miRNA only from 3’
arms®*??°, Additional non-canonical miRNA biogenesis strategies have been
described (not shown). ¢, Ago2 cleavage-dependent miRNAs. Most miRNAs

do notrequire catalytic activity of Ago2 for biogenesis, but two conserved
exceptions are known. Left: mir-451 has a short hairpin stem (18 bp) that cannot
be cleaved by Dicer. Instead, following cleavage of its primary transcript by
Microprocessor, the pre-mir-451 hairpinis directly bound and cleaved (sliced)
by Ago2, followed by 3’ resection via poly(A)-specific ribonuclease (PARN) to
generate mature miR-451 (refs. 221-223). Right: mir-486 bears perfect base-
pairinginits pre-miRNA stem and requires not only Drosha and Dicer to produce
amiRNA duplex but also cleavage of the passenger strand (miRNA*) by Ago2 to
yield the mature single-stranded RISC'*’.

infection could plausibly alter miRNA activity. Finally, the local binding
of RNA-binding proteins (RBPs), including HuR, Pumilio, DND1 and,
potentially, many others, can affect miRNA site efficacy’”’.

These scenarios indicate why in vitro affinity of Ago2-miRNA-
target ternary complexes might not capture the totality of in vivo
Ago-mediated regulation. Conversely, it is important to recognize
that many proposed unconventional target sites confer subtle or
undetectable regulation. As CRISPR mutations of endogenous miRNA
target sites are now straightforward to install, it will be critical to use
this approach to evaluate whether atypical sites (as well as canoni-
cal seed matches) directly mediate in vivo miRNA silencing and/or
phenotypically relevant biology.

Insights from RNase Ill cryo-EM structures

The typically precise sequences of mature miRNAs that are hewn
from long primary transcripts suggest that the stereotypical actions
of Drosha and Dicer involve ruler-like measurements. Similarly, the
characteristic seed region of miRNAs that is predominantly required
for targeting implies specific structural constraints on the ternary
Ago-miRNA-target complex. These were inferences from the ini-
tial structures of Dicer and Argonaute homologues from protozoan
(Giardia intestinalis) and archaeal (Thermus thermophilus and Pyrococ-
cusfuriosus) species®*575-%°_ Although small RNA silencing was not well
studiedinthese organisms, these structures recapitulated expectations
from metazoan research. Thus, their mammalian counterparts were
presumed to be similar. However, it was many years until structures of
full-length human Argonaute'”° and Dicer® were solved. In particular,
human Dicer was analysed using cryo-EM, which has revolutionized
the structural determination of larger proteins and complexes, while
providing rich insights into dynamic states. We summarize recent
insightsinto cryo-EM structures of human RNase Ill complexes during
pri-miRNA/pre-miRNA cropping and dicing (Fig. 3).

Microprocessor cryo-EM studies
Initial biochemical®and structural® analyses utilized truncated Drosha
(amino acids 390-1,365) with two copies of short DGCRS8 carboxy-
terminal peptides (amino acids 728-750), a minimal functional hetero-
trimer thatisactive in microprocessing invitro (Fig. 3a). In thismodel,
Drosha alone recognizes the basal junctions and basal UG motif to
determine cleavage sites ~11 bp from the basal pri-miRNA junction.
Although this minimal complex is active, the original structures
did not fully explain microprocessing®. For example, the DGCRS

peptide used lacked the RNA-binding haem domain (RHED) and the
dsRNA-binding domains (dsRBDs) (Fig. 3a), and thus does not account
for DGCR8-pri-miRNA interactions. Moreover, DGCR8 can dimerize
independently of Drosha via its haem-binding RHED domain, which
enhances Microprocessor stability as well as pri-miRNA cleavage effi-
ciency and fidelity******%, Finally, the crystallized Drosha lacked the
amino-terminal P-rich and RS-rich regions, whose functions are not
fully understood at present (Fig. 3a).

Preparation of full-length recombinant Microprocessor is chal-
lenging owing to poor expression and aggregation of full-length
proteins. However, cryo-EM enabled analysis of RNA-free, partially
RNA-docked and fully RNA-docked structures, revealing dynamic
interactions between Microprocessor and pri-miRNA®*% (Fig. 3b).
For example, ~90° rotation of Drosha dsRBD during pri-miRNA load-
ing enables extensive contacts with the pri-miRNA stem in a ravine
between dsRBD and RNase Illa/b domains (Fig. 3b). Moreover, one of
the dsRBDs from DGCRS8 and dsRBD of Drosha stack into a ruler that
measures ~35 bp, providing a molecular basis for pri-miRNA length
constraint. The low-resolution electron densities of the DGCR8 RHED
domain appear to cap the apical loop®, in line with biochemical data
indicating that this region recognizes apical UGU motifs. However, the
apicalloop electrondensity lacked RNA in a substantial part of the path,
and RHED dimers were not sufficiently resolved. The basal threshold
of pri-miRNA s held in place by afour-way junction called the ‘Buckle’,
comprising the Belt, Wedge, dsRBD and C-terminal region of Drosha
(Fig.3b).Inadditionto fastening the basal pri-miRNA in the fully docked
state, the Belt domain acts as a conformational switch. In the RNA-free
or partially docked states, the Belt domain occupies the RNA-binding
cleft, a self-inhibited state of Microprocessor®®¥,

The atomic details revealed functionally essential residues and
mechanisms for UG and mGHG motif recognition, providing a clear
basis for their enrichment in high-throughput screens (Fig. 3a).
Finally, these structures reveal insights into the molecular evolution of
RNaselll enzymes®*®’. For example, the structural similarities of human
Droshato Giardia Dicer and human Dicer suggest common evolution-
aryorigins, and features of RNA stem recognition and cleavage are even
shared with bacterial RNase I11%,

Dicer cryo-EM studies

Dicer RNase Il activity is central to miRNA biogenesis, RNAi and
antiviral defence®’. However, hidden layers of regulation are built
into its structures and molecular interactions. Cryo-EM now
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Table 1| Recent technologies applied to the miRNA pathway

Methods General attributes

Recent applications to the miRNA pathway

High-throughput Similar to classical in vitro selection assays
substrate screening

of designed or randomized variants

Often involves parallel processing of a large endogenous substrate pool and/or library

pri-miRNA features®>="*¢

pre-miRNA features®***

Deep sequencing is used as a read-out, to infer functionally relevant features for

processing

Cryogenic electron
microscopy (cryo-EM)

coordinates

Advantages include that cryo-EM is suitable for proteins or complexes of large molecular
weight; relatively small amounts of sample are needed; multiple conformational states
can be captured in a single experiment; and no need for crystallization

Uses an electron beam to image a specimen under cryogenic conditions
Data are processed into electron microscopy densities that can be used to assign atomic

86,87

Mammalian Drosha/DGCR8 complex
Mammalian Dicer complexes® %'
DrosophilaDicer complexes: Dicer-1(ref. 92)
and Dicer-2 (refs. 95,96)

ArabidopsisDicer complexes: DCL1 (ref. 93)
and DCL3 (ref. 97)

Offers real-time dynamics of biological reactions
In vitro assays usually involve purified materials

Single-molecule assay

Observation times depend on the reaction kinetics, photostability and lifetime

of fluorophores, but can go down to microseconds

Detection is generally diffraction limited (~200-300 nm spatial resolution); however,
single-molecule Forster resonance energy transfer (smFRET) operates at 1-10nm, thus

resolving intermolecular and intramolecular motions

Single-molecule imaging in living cells is typically done with fluorescently tagged

Dynamic interplay of human Dicer

and TRBP*

In vitro target search and interrogation

by human Ago2/RISC complexes'®*'%>'%
Live cell imaging of targeting and regulation
by human Ago2 (refs. 108-110)

Assembly and dynamics of Drosophila
AGO2/RISC complexes'*'

molecules and may utilize multimeric tags or scaffolds to enhance detection

RNA bind-n-seq (RBNS)
a library of target sites

Yields relative quantitative binding affinities of an RNA-binding protein (RBP) across

Ago2-miRNA complex binding affinity
to target RNAs®*%®

Typically, a purified RBP is incubated with a randomized pool of RNAs; co-purified RBP
targets are then analysed by deep sequencing to identify their features

CRISPR-Cas9 screening
process of interest

miRNA screening often incorporates a specific reporter as a functional read-out, enabling

Genetic strategies for mutagenesis can be applied to identify factors involved in a cellular

ERH and SAFB2 in miRNA cluster assistance'

ZSWIM8 in target-directed miRNA
degradation (TDMD)'#*'%4

cell sorting before deep sequencing of enriched or depleted guide RNAs

Ago, Argonaute; miRNA, microRNA; pre-miRNA, precursor miRNA; pri-miRNA, primary miRNA; RISC, RNA-induced silencing complex; TRBP, transactivation responsive RNA-binding protein.

provides insights into how Dicer utilizes different cofactors, the
enigmatic role of its helicase domain (Fig. 3c), selection mecha-
nisms for different small RNAs and the structural basis for molecular
ruler capacity.

Dicer cryo-EM studies from different organisms have recently
expanded the rules of pre-miRNA and dsRNA dicing. These include
human Dicer and its cofactor TRBP (transactivation responsive RNA-
binding protein) bound to pre-let-7 (ref. 81), human Dicer in a dicing
statebound to pre-let-7a-1/[GYM] (ref.90), mouse Dicer-TRBP bound to
pre-mir-15a (ref. 91), pre-let-7 processing by Drosophila Dicer-1-Loqs-PB
complex®* and the structures of Arabidopsis Dicer-like 1 (DCL1) with
pri/pre-mir-166f (ref. 93). Overall, Dicer exhibits a hallmark L-shaped
architecture (Fig. 3d). The DExD/H box helicase domain occupies
the base, the RNase Illa/b intramolecular dimer comprises the core
and platform-PAZ domains form the cap. The initial cryo-EM struc-
ture of human Dicer exhibits a partially RNA-docked configuration
where the helicase, dsRBD and PAZ helix lock it in a closed state®.
Although human TRBP was reported to enhance substrate capture
by Dicer®, recent cryo-EM structures indicated that human Dicer can
achieve the active dicing state without TRBP*°. Transition from pre-
dicing to active dicing states involves movement of the pre-miRNA
steminto the catalytic centre, aided by conformational changesin the
helicase-DUF283, dsRBD and PAZ helix domains. Thisisaccompanied
by sequence-independent electrostatic contacts between PAZ helix
and RNA backbone, 5’-phosphate docking into the platform domain

and interactions by dsRBD around the apical junction that include
sequence-specific contacts favouring GYM motifs®.

The mouse Dicer complexes are structurally similar to human
Dicer, including a pre-catalytic state with partially docked pre-miRNA
and a catalytic state with fully docked RNA and disordered N-terminal
helicase-DUF283 domains’’. However, unlike the human studies, mouse
TRBP was shown to promote the catalytic state of Dicer (13% of parti-
cles). Importantly, amouse Dicer mutant lacking the Hell subdomain
had enhanced, aberrant capacity to fully dock pre-miRNAs with long
stems and larger loops (including a subset of mirtrons), resulting in
enhanced accumulation of these small RNAs in vivo and animal lethal-
ity®’. Therefore, partially docked structures may represent a kinetic
checkpoint selecting genuine pre-miRNAs from the slew of cellular
RNA hairpins and dsRNAs (Fig. 3d).

In contrast to mammalian Dicers, the miRNA processing fly Dicer-1
acquired a catalytic structure by belting the pre-miRNA backbone with
Dicer-1dsRBD and Loqs-PB dsRBD2 (ref. 92).In plants, DCL1structural
studies highlight the unique and conserved structure-function fea-
tures of Dicer across distant eukaryotes’. Finally, additional contem-
porary studiesreportanarray of structures for active shortinterfering
RNA (siRNA) processing by Drosophila Dicer-2/R2D2 (ref. 95) or Dicer-2/
Logs-PD (ref. 96) and Arabidopsis Dicer-like 3 (DCL3)”. Collectively,
these studies reveal similar domain arrangements to miRNA process-
ing Dicers, while showing dynamic structural strategies in regulated
siRNA production.
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Single-molecule imaging of miRNA factors

Despite providing atomic-level information, cryo-EM and X-ray
crystallography yield static snapshots that only indirectly inform
molecular dynamics. A complementary approach involves real-time
single-molecule imaging, which candirectly visualize conformational
changes, molecular heterogeneities and transient intermediates
otherwise lostinensemble averaging. Building on the strong history of
small RNA biochemistry, invitro single-moleculeimaging hasrecently
gained traction in the small RNA field. Efforts include confirming
the heterotrimeric structure of Microprocessor®>***¢, coordinated
activities of human Dicer and TRBP**, dsRNA processing by fly Dicer-2/
Logs-PD?’, assembly and maturation of Ago/RISC'*°'2, and finally,
target interrogation and gene silencing by Ago/RISC'**™°,

Human Dicer and TRBP single-moleculeimaging studies revealed
arapid and dynamic selection of pre-miRNAs from a sea of other hair-
pins, which depends on proper 3’ docking into the PAZ domain®. In
DrosophilaDicer-2/Loqs-PD studies, dsRNA translocation, RNA cleav-
age and dynamic selection of different termini were visualized in real
time”’. These examples demonstrate the capacity of single-molecule
imaging to dissect and resolve highly dynamic processes, which are not
amenable to biochemical, genetics or structural studies.

Although Argonaute proteins have been extensively scrutinized
using X-ray crystallography"'2, single-molecule imaging has been
particularly useful to elucidate dynamic Ago maturation and func-
tion. For example, imaging of dynamic assembly of fly RISC complexes
showed that Hsp70/90 chaperones activate RISC by stabilizing open
Ago2 confirmation'®>'", Single-molecule Forster resonance energy
transfer (smFRET) experiments extended these studies by directly
imaging internal structural motions within human Ago'*>'%° (Fig. 3e).
The Ago2 structural element Helix-7 divides seed pairing by introduc-
ingakinknearthe3’end of the seed (nucleotides 6-8), whichinterrupts
the pre-formed a-helical arrangement of the 5" seed region. Helix-7
moves away upon productive seed pairing, and this dynamic reshap-
ing of seed pairing enables Ago to reject inappropriate target sites'*®.
smFRET also visualizes continuously dynamicinteractions of the Ago-
PAZ domain with the miRNA 3’ end within ternary Ago-miRNA-target
complexes of various pairing configurations'®. Such 3’ dynamics seem
particularly relevant to expose the miRNA 3’ end in the presence of 3’
supplementary base-pairing'*>'” (which triggers Ago degradation, as
discussed in ‘Regulation of miRNA turnover’).

Fluorescence co-localization and smFRET experiments also pro-
vide insights into target searching by Ago/RISC. For example, kinetic
and thermodynamic parameters suggest Ago functions by modifying
the free energy landscape of RNA hybridization'®®. Additional smFRET
studies using tandem target sites demonstrated repetitive shuttling
of a single human Ago2/RISC by 1D facilitated diffusion, enabling
rapid target interrogation compared with the 3D collision between
targets and the RISC'®®. Finally, going beyond in vitro reactions, in vivo
single-molecule imaging canvisualize the dynamicinterplay between
mRNA translation and gene silencing by Ago/RISC complexesinliving
cells®* ™, Suchstudies demonstrate that translation facilitates access
of Ago2 to mediate target cleavage within coding regions, and that
target site exposure limits the rate of mRNA cleavage by RISC.

Overall, single-molecule imaging shines a light on the highly
dynamic and multi-step nature of miRNA processing and regulation.

Regulation of miRNA biogenesis
Typical biogenesis schematics imply an unfettered route to generate
miRNAs (Fig.1). Yet miRNA productionis not constitutive but, instead,

tightly regulated at multiple levels. These can promote or inhibit miRNA
production, and canoccur at various steps of miRNA biogenesis. Inves-
tigation of this topic has benefited from multiple approaches, including
detailed analysis of individual miRNA substrates and factors, as well as
large-scale genomics and CRISPR screening (Table 1).

One of the first cases of regulated miRNA biogenesis regards
the control of let-7 family maturation by Lin28 RBPs'*" (Fig. 4a).
These recognize a conserved loop motif in pre-let-7 and recruit ter-
minal uridyltransferases (TUTases) TUT4/7 to oligouridylate pre-let-7
(refs.118,119), which triggers its degradation via Dis3L2 (refs.120-122).
Amongst the large family of mammalian let-7 miRNAloci, those that are
inhibited by Lin28/TUTase/Dis3L2 are classified as Group | members.
Other let-7 members bear suboptimal one-nucleotide 3’ pre-miRNA
overhang following Microprocessor cleavage, rendering them poor
Dicer substrates (Group II). But in the absence of Lin28, such pre-let-7
hairpins canbe monouridylated by TUT4/7 to restore atwo-nucleotide
overhang that enhances Dicer processing'®. 3’ tailing of pre-miRNA
canalso adjust the site of Dicer cleavage, thereby either changing the
miRNA seed sequence or even switching which miRNA duplex arm is
the dominant functional product™*.

Thebiogenesis of other miRNA precursorsis likely to be regulated,
assummarized in recent comprehensive reviews''°, Presumably, the
catalogue of miRNA biogenesis regulation will continue to expand,
based on several observations. These include that numerous miRNA
locibear conserved loop sequences of unknown functions, but imply
regulation'”’; large-scale CLIP analyses reveal numerous RBP interac-
tions with specific miRNA precursors'®; and in vitro pull-down assays
of pre-miRNAs with cell lysates also recover many specific RBP and
miRNA interactions'”. Here, we highlight some recent concepts in
regulated miRNA biogenesis.

Cross-regulation and homeostatic control of miRNA pathway
factors

miRNA pathway autoregulation has repeatedly been uncovered in
diverse settings. For example, auto-targeting of Dicer by miRNAsiis rel-
evantin certain cancers”"', and other miRNA factors are preferentially
targeted by miRNAs'. Another layer of regulation involves control
of Ago proteins by miRNA availability, as unloaded Ago proteins are
subject to degradation by ubiquitination or autophagy™* .

Aprominent example involves the reciprocal cross-regulation of
Droshaand DGCRS (Fig.4b). The 5"UTR and CDS regions of mammalian
Dgcr8bear hairpins (mir-3618 and mir-1306) that are cleaved by Drosha,
thereby suppressing DGCRS (ref. 137). By contrast, DGCRS stabilizes
and solubilizes Drosha through protein-protein interactions. This
cross-regulation between Drosha and DGCRS8 enables homeostatic
control of Microprocessor activity and is conserved in different animal
species™ ¥,

Although the Dgcr8 hairpins are annotated as miRNAs, they do
not yield substantial levels of mature miRNA, partly due to nuclear
accumulation of the hairpins'’. Thus, their main known role is in
cis-regulation. Recently, the biological impact of Microproces-
sor cross-regulation was investigated'*°. During differentiation of
mouse embryonic stem cells, an alternative transcription start site
downstream of the first Dgcr8 hairpin yields an isoform that evades
Microprocessor autoregulation and leads to the accumulation of
DGCRS8 protein. Theimbalanced DGCR8:Drosha protein stoichiometry
and non-functional Microprocessor aggregation reduced nuclear
miRNA biogenesis with an impact on miRNA-mediated repression
and embryonic development'*°.
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Fig.2|Structural and sequence features of miRNA substrates and targets.
a, Design of massively parallel assays and RNA bind-n-seq (RBNS) assays for
identifying microRNA (miRNA) pathway substrates and targets. Left: alibrary
of primary miRNA (pri-miRNA) or precursor miRNA (pre-miRNA) substrates
isincubated with purified Microprocessor (upper) or Dicer complex (lower)
forinvitro cleavage, or for in vivo processing in cells. The reaction products

are analysed by deep sequencing to infer structural features and sequence
motifs within effective substrates. Right: target RNA oligo pools with random
sequences are incubated with purified Ago2 loaded with a specific miRNA.
Sequencing of bound species permits the relative affinities of different target
sequences to be inferred. b, pri-miRNA features. An optimal pri-miRNA contains
characteristic structural features (single-stranded flanking regions, a~35 bp
double-stranded RNA (dsRNA) stem and an apical loop >10 nucleotides),
primary motifs (including UG in the basal junction, UGU/GUG in the apical
junctionand CNNC in the 3’ flanking region) and chimeric structure-motif
features such as the mismatched GHG (mGHG) in the lower stem. Drosha
recognizes the basal junction, UG motif and mGHG, and measures ~11 bp from
the basal junction to cleave the dsRNA stem (red arrowheads). The DGCR8
dimer recognizes the apical loop and the UGU/GUG motif. Accessory factors can
regulate microprocessing of pri-miRNA, including binding of CNNC by SRSF3.
pri-miRNAs with suboptimal features such as missing motifs, an unpaired lower
stem and/or small apical loop exhibit inefficient and/or imprecise cleavage.
Note that amiddle bulge, mismatch and wobble base pair (midBMW) in

the upper stem can repress unproductive cleavage by Microprocessor from the
apicalloop side. ¢, pre-miRNA features. An optimal pre-miRNA hairpin contains
5’-monophosphate, atwo-nucleotide 3’-end overhang, a double-stranded stem
of >20 bp and a single-stranded terminal loop. Dicer can measure its cleavage

site from both 5" and 3’ hairpin ends, although not all pre-miRNA substrates are
engaged at both termini. AGYM (paired G, paired pyrimidine and mismatched
Cor A) motif near the Dicer cleavage site promotes pre-miRNA processing.
Abulge/mismatch near the dicing sites enhances Dicer cleavage efficiency
and/or accuracy, when the first nucleotide of the miRNA-3p species is two
nucleotides from the bulge/mismatch or when there is a22-nucleotide bulge in
the pre-miRNA 3’ arm. Lack of this feature can cause Dicer to cut poorly and/or
imprecisely, yielding multiple miRNA isoforms or lower small RNA levels.

d, Argonaute (Ago)-miRNA interaction features. Left, top: the canonical miRNA-
targetinteraction is mediated by seed pairing between nucleotides2and 8
(seed region) of miRNA with target RNA, and is often sufficient for measurable
target repression. Shorter seed regions can also be functional, especially when
followed by an adenosine opposite the first miRNA position (t1A). 7merlA, seed
2-8 pairing with t1A; 7mer, seed 2-8 pairing; 6merlA, seed 2-7 with t1A. Left,
bottom: aspecial class of target interaction with discontinuous seed pairing

is compensated by extensive 3’ pairing. Right: various miRNA-target interac-
tions lacking canonical seed pairing are found from in vivo Ago2-CLIP assays,
invitro Ago2-RBNS data and bioinformatics; four types are summarized here. In
general, the efficacy of these non-canonical sites is weak or controversial, and
they were mostly assayed in vitro or in reporter systems. Unlike the exemplary
3’ compensatory let-7 site in lin-41, whose non-seed pairing is critical for
Caenorhabditis elegans development, the impact of other non-canonical sites
is mostly unknown. e, Tiny RNAs. Under in vitro conditions of high manganese,
several 3’-5" exoribonucleases (ISG20, TREX1and ERI1) can trim Ago-loaded
miRNA down to <14 nucleotides, and ISG20-mediated trimmed miRNA activates
Ago3 cleavage of target mRNA. TUMR, tail-U-mediated repression.

Regulation of suboptimal miRNAs in genomic clusters
Although most miRNAs are transcribed as single loci, approximately
onethird of vertebrate miRNAs reside ingenomic clusters, where two
or more miRNA hairpins are cleaved from the same primary transcript.
The reasons for miRNA clustering are not fully known, but it is pre-
sumed to facilitate miRNA co-expression'*!. miRNA loci from clusters
are usually functional when expressed experimentally as solo con-
structs. However, cases of miRNA cluster regulation exist, including the
mir-17-92 cluster which exhibits stepwise cleavage of different cluster
members**'*3, Additional studies across different species, and even
viruses, reveal that biogenesis of specific miRNAs depends on cluster
location™**,

Recent studies reveal that microprocessing of suboptimal mam-
malian miRNA hairpins is enhanced by an optimal miRNA neighbour
(Fig. 4c). An archetype for this is mir-451, whose short stem and small
terminal loop are integral to its unusual Dicer-independent, Ago2-
dependent, biogenesis strategy® (Fig. 1c). Although these features
render it an extremely suboptimal Microprocessor substrate, miR-451
is nonetheless a highly abundant erythroid miRNA*"*° whose nuclear
processing is strongly enhanced by proximity toits operon neighbour
mir-144 (refs.151,152). Mechanistically, following efficient recruitment
and cleavage of pri-mir-144 by Microprocessor, the released complex
isin proximity to cleave nearby pri-mir-451 (refs.151,152). The identity
and relative location of the neighbouring miRNA is not critical for
this, and maturation of the neighbouring miRNA can be uncoupled
fromenhancement of pri-mir-451 cleavage. In particular, substituting
the miRNA neighbour with syntheticsites that directly recruit DGCR8
can still enhance miR-451 biogenesis™".

Parallel work on the mir-15a/16 cluster utilized CRISPR-Cas9
screening to identify factors that are selectively required for subop-
timal miR-15a. A dual genetic screen was conducted using cells that

harbour GFP and RFP transgenes whose 3’ UTRs bear multiple sites for
miR-15aand miR-16, respectively'>. In this background, CRISPR-Cas9
hits that selectively derepress the reporter for suboptimal miR-15a,
while maintaining repression of the miR-16 reporter, comprise candi-
dates for miRNA neighbour enhancement. Amongst several such hits,
SAFB1/2 and ERH were confirmed as positive factorsin the processing
of suboptimal miRNAs">'%,

A pressing question regards the molecular mechanisms by which
these factors promote Microprocessor activity. ERH binds DGCR8
directly, and ERH dimerization may assist DGCR8 dimerization within
Microprocessor™*. A specific domain of SAFB2 interacts with the
N-terminal region of Drosha and is sufficient to recapitulate cluster
assistance’’; however, another study found that the N-terminal region
of Drosha is dispensable for cluster assistance'. The discrepancy
remains to be resolved. At present, several models seem compatible
with the available data (Fig. 4c). In one scenario, after recruitment and
release of Microprocessor from the optimal hairpin, Microprocessor
can identify the suboptimal hairpin, but its interaction is unstable.
In that model, ERH and SAFB1/2 may help stabilize the complex and
activate cleavage of the suboptimal miRNA hairpin. Alternatively, ERH
and SAFB1/2 might facilitate dimerization of Microprocessor units to
promote processing of suboptimal miRNA hairpins.

Curiously, although mir-144 knockout in K562 human lympho-
blast cells illustrates a strong reliance of mir-451 biogenesis on its
canonical partner""?, maturation of miR-451 is only subtly affected
in zebrafish mir-144 knockouts'’, suggesting that other strategies
can enhance nuclear processing of mir-451. Although these remain to
be elucidated, it is worth noting that nuclear processing of miRNAs is
co-transcriptional™ ™, and transcription and chromatin retention
can affect Microprocessor activity on pri-miRNA transcripts"®¢°,
Theirimpact on suboptimal miRNAs deserves further investigation.
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Fig. 3| Cryo-EM and single-molecule studies of Microprocessor and Dicer
complexes. a, Linear domain arrangements of Drosha and DGCR8. The portions
that bind other protein factors (blue) or recognize specific miRNA motifs (red)
areindicated. The different Drosha and DGCRS8 truncations used in different
structural studies are indicated (amino acids 390-1,365 (ref. 83), 391-1,374 (ref. 86)
and 353-1,372 (ref. 87)). b, Structural rearrangements of Microprocessor upon
transitioning from Apo state to a partially docked primary microRNA (pri-miRNA)
inthe catalytic state. ¢, Linear domain arrangement of Dicer. d, Dicer regulation
viathe amino-terminal helicase domain. In mammals, full-length Dicer adopts

an L-shape structure and recognizes the 5’ and 3’ termini of precursor miRNAs
(pre-miRNAs). Left: the helicase domain can flexibly interact with the terminal
loop regionina pre-dicing state, but whenit shifts position the pre-miRNA can
move and align with the main body of Dicer and access the catalytic sites. Due to
the overall compact L-shape structure of Dicer during the whole process, only
shorter pre-miRNA substrates are efficiently bound and cut by Dicer. Right: upon
experimental deletion of the helicase domain, or in natural isoforms that remove
parts of this region (such as aviDicer and Dicer-0), the Dicer N terminus remains

flexible and does not form a compact L-shape structure. This permits additional
substrates to access Dicer for cleavage into small RNAs (such as double-stranded
RNA (dsRNA) and certain long mirtron hairpins). e, Single-molecule Forster
resonance energy transfer (smFRET) visualizes internal structural changes of
human Ago2 during target interrogation. Left: Ago2 domains. Right: sSmFRET
assays. A FRET donor (blue) and anacceptor (red) areincorporated site-
specifically into PAZ and MID domains. The energy transfer efficiency (denoted by
the brightness of the light bulb above the structures) between the two dyes reports
onthe physical separation between the two domains, hence the conformational
state of Ago2. Three major conformational states of apo Ago2 are indicated by
three FRET states, where the protein size corresponds to the relative frequency

of each state. Guide strand loading changes the frequencies of conformational
states, with only slight changes in their FRET values. However, base-pairing with a
target reduces the conformational flexibility of Ago2 to only two compact states.
Ago, Argonaute; cryo-EM, cryogenic electron microscopy; CTD, carboxy-terminal
domain; dsRBD, double-stranded RNA-binding domain; mGHG, mismatched GHG;
RHED, RNA-binding haem domain.

Regulation of Dicer activity viaits N terminus/helicase domain
Dicer was initially isolated via cleavage activity on long dsRNA sub-
strates', and subsequently realized to process pre-miRNA hairpins'®*.
Plants and arthropods encode multiple Dicers, which have distinct
preferences for miRNAs and dsRNAs. Although mammals harbour only
oneDicer gene, itsisoforms exhibit functional diversity. For example, an
intronic promoter derived fromarodent-specific retrotransposoninser-
tionyields Dicer-0O, an N-terminally truncated Dicer isoform expressed
specifically inoocytes'. Thisisoform lacks part of its helix domain and
has enhanced activity to process long dsRNA into endogenous siRNAs.
Indeed, mouse oocytes are a unique mammalian setting where
siRNAs are not only abundant and functional***'** but may play adomi-
nantregulatory roleinstead of miRNAs or piwi-interacting RNAs'*'¢%,
However, as the canonical Dicer isoformis prevented from processing
long dsRNA through its N-terminal helix domain, this raises questions
as toits involvement in antiviral defence, especially as long dsRNA
activates the interferon pathway as a dominant antiviral response'®.
Interestingly, experimental deletion of the Dicer N terminus
enhancesits capacity to cleave viral dsSRNA during infection'’°. Recently,
anendogenous N-terminally truncated Dicer isoform (aviDicer) lacking
the helix domain was identified'”". aviDicer is generated by alterna-
tive splicing and is apparently of low abundance; nevertheless, it is
detectedincertainstemcells, proposed as settings of antiviral activity
by mammalian RNAi"7>'7, Loss of the helicase domain unlocks Dicer
and expands its processing capacity on substrates bearing extended
dsRNA stems’ (Fig.3d). Thus, there may be cell-specific requirements
toregulate substrate selection by mammalian Dicer, for endogenous
regulatory purposes or to enable restriction of foreign nucleic acids.

Regulation of miRNA turnover

The lifetime of different RNA molecules varies tremendously, and the
same RNA can have distinct dynamics in different settings or condi-
tions. Such observations indicate distinct regulatory pathways for RNA
decay. However, for many years this was not thought to be a substan-
tial route for miRNA regulation, as most miRNAs seemed extremely
stable. For example, whereas the average mRNA half-life is 2-4 h (with
some decayed within minutes), the half-life of many miRNAs is days'*
toweeks>"¢, The stability of mature miRNAs is attributed to their tight
association with Ago proteins, which protects them from exoribonu-
cleases. Eventual dissociation of the Ago-miRNA complex results in

turnover of unloaded Ago'**">"” via the Iruka E3 ubiquitin ligase™*,

along with exoribonucleolytic degradation of free miRNAs (Fig. 5a).

Introduction of nucleoside analoguesinto cells enables temporally
resolved characterization of transcript dynamics. This approach vali-
dated the general stability of mature miRNAs and rapid degradation
of their duplex partner passenger strands, which are not retained in
Ago/RISC*78, However, these studies also reveal substantial varia-
tion in the stability of mature miRNAs, implying strategies for their
regulated turnover. In addition, analysis of in vivo settings revealed
differences from cultured cells, such as that miRNA turnover is acceler-
atedin neurons'”’. Several nucleases were indeed reported to degrade
miRNAs in different organisms™°7#*, although the mechanisms that
underlie their specificity and action are often not well understood.
Moreover, a dozen years ago, the viral transcripts HSURI and m169
were found to specifically degrade cognate miRNAs with extensive
complementarity'®'%, Later, it was shown that mRNA can also serve
as triggers for miRNA degradation'. This process became known as
target-directed miRNA degradation (TDMD) and was demonstrated to
compete with miRNA-directed decay of the mRNA target'®.

miRNA tailing

Early studies indicated that engagement of miRNA with a highly com-
plementary target can induce miRNA tailing or trimming'®'%°, As
mentioned above, literature on the inhibitory consequences of tail-
ingand trimming on pre-miRNA, along with studies that connected 3
untemplated modifications with miRNA dynamics’"°, led to the notion
that tailing and trimming processes underlie TDMD. However, careful
molecular geneticstudies indicate that 3’ untemplated modifications
constitute a parallel regulatory pathway largely separate from miRNA
decay"®. This conclusion was echoed with the analysis of cells that
coordinately delete the major known miRNA tailing enzymes (TENT2,
TUT4 and TUT7) as well as Dis3L2 (refs. 191,192), in which TDMD trig-
gersretain capacity formiRNA downregulation. Thus, other regulatory
mechanisms for TDMD must exist.

TDMD: ZSWIMS8 mediates ubiquitination of Ago2 engaged
with highly complementary target

Tworecentstudies used CRISPR screening to elucidate the mechanism
of TDMD"***, Both studies exploited the endogenous TDMD trigger —
the non-coding RNA Cyrano — which is highly complementary and
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Fig. 4 |Strategies for the regulation of miRNA biogenesis. a, Two strategies

of regulated maturation of let-7 microRNAs (miRNAs) by 3’ tailing. With
groupIloci, Lin28 binds the terminal loop of pre-let-7 and recruits terminal
uridyltransferases (TUTases) TUT4/7 to oligouridylate its 3’ end, which triggers
its degradation via Dis3L2. With group Il loci, the initial Drosha-cleaved pre-

let-7 only has a one-nucleotide 3’ overhang, rendering it a suboptimal Dicer
substrate. However, this defect can be rescued by 3’-monouridylation via
TUT2/4/7 toyield atwo-nucleotide overhang, especially in the absence of Lin28.
b, Autoregulation of Microprocessor. Left: the DGCR8 mRNA bears two hairpins
withinits 5’ untranslated region (UTR) and coding sequence (CDS) (mir-3618

and mir-1306), which can be cleaved by Drosha (arrowheads). This destabilizes
DGCRStranscripts and reduces protein production. Reciprocally, DGCRS8 protein
positively regulates Microprocessor by stabilizing or solubilizing Drosha protein.

Right: during differentiation of mouse embryonic stem cells, however, usage
ofaninternal promoter yields a shorter DGCR8isoform lacking mir-3618, which
escapes Microprocessor autoregulation. The resulting accumulation of DGCR8
imbalances DGCR8:Drosha protein stoichiometry, resulting in Microprocessor
aggregation and reduced primary miRNA (pri-miRNA) processing. ¢, Enhanced
biogenesis of suboptimal miRNAs within agenomic cluster. Certain miRNAs that
lack optimal Microprocessor features (such as Dicer-independent mir-451) are
poorly processed by themselves but are rescued by a neighbouring optimal miRNA
(such as the normal context of mir-144/451 operon). Several models remain in play
to explain this process, including increased local availability of Microprocessor
viathe miRNA helper, and various roles involving auxiliary RNA-binding proteins
(RBPs) such as ERH and SAFB1/2. These might stabilize Microprocessor ona
suboptimal hairpin or bridge Microprocessor complexes via dimerization.

abundantly bound to miR-7 (refs. 195,196). Cyrano mutants strongly
upregulate miR-7 (ref. 197), setting the stage for genetic screens for
other mutants that similarly upregulate miR-7, recovered viadecreased
fluorescence from a GFP-miR-7 sensor. Surprisingly, such screens reveal
that factors involved in protein turnover, rather than RNA turnover,
mediate TDMD'>'**, A central factor is ZSWIMS, which binds Ago2 and
recruits a multiprotein ElonginB-C-Cul3 ubiquitin ligase complex to
tag Ago2 protein for proteasome-mediated turnover (Fig. 5b).

A protein-based mechanism for selective miRNA turnover was
unexpected but is, in retrospect, an appealing strategy. Pairing to the
TDMDtarget releases the miRNA 3’ end, accompanied by structural rear-
rangement of Ago™ (Fig. 5b). Selective decay of Ago2, which requires
surface-exposed lysines'>**, would release the free miRNA for degra-
dation. A future challenge will be to elucidate how ZSWIMS8 selectively
recognizes the formof Ago2 engaged in TDMD. In addition, anew study
concludedthat TDMD in C. elegans does not necessarily require 3’ end
pairing'®. Thus, additional mechanistic surprises for TDMD may await.

The elucidation of TDMD paves the way for understanding its
biological impact. TDMD requires extensive base-pairing between
target RNA and miRNA sequences in the seed region and 3’ end, but
not the central region. This knowledge can be used to prioritize TDMD
candidates through bioinformatics or experimental approaches such
as Ago-CLASH, where miRNAs are directly ligated to targets’. More
importantly, the discovery of the TDMD-specific factor ZSWIM8 opens
amore direct path into TDMD networks, as zswim8 mutants across a
broad range of species upregulate select cohorts of miRNAs'*, Such
datapinpoint miRNAs with greatest suppression via TDMD and provide
agauge for the functional efficacy of individual TDMD targets.

Although the field is young, several studies have identified endo-
genous TDMD triggers whose miRNA binding sites induce substantial
miRNA degradation. Inmouse brain, knockout of the long non-coding
RNA and TDMD trigger Cyrano, or even specific knockout of the Cyrano
miR-7 binding site, induces miR-7 levels 40-fold to 50-fold (ref. 197).
However, Cyrano knockout mice have only subtly increased repression
of miR-7 targets and appear phenotypically normal. Disrupting the
TDMD site of miR-29b in the 3’ UTR of mouse NREP increases miR-29b
levels and impairs coordination and motor learning®®. Finally, in
D. melanogaster, multiple functional TDMD targets were validated,
for whichmutation of endogenous highly complementary target sites
upregulates the cognate miRNAs?*?%?, Notably, disruption of a TDMD
trigger (the long non-coding RNA Marge) for miR-310 family miRNAs
results in defective embryonic cuticle formation??°2, Moreover, the
miRNA effector AGO1 contains a TDMD trigger for miR-999, and its
mutationin flies upregulates miR-999 and impairs stress tolerance®’%.

These in vivo genetic tests demonstrate regulatory and biological
significance of individual TDMD triggers.

Although ZSWIMS clearly mediates TDMD restriction of miRNA
accumulation, thisis not to say that tailing or trimming does notimpact
cellularmiRNA pools. For example, 3’-adenylation can stabilize certain
miRNAs?*>***, but has also been suggested to induce miRNA degrada-
tion'™. Recently, it was reported that mutation of the miRNA dead-
enylase USB1in the disease poikiloderma with neutropenia leads to
miRNA downregulationand derepression of miRNA targets®”. Overall,
asdiscussed with miRNA uridylation, theimpact of miRNA adenylation
ontheirinvivoaccumulationis notstraightforward to predict, and may
notnecessarily affect levels**. Further study of the functional impacts
of tailing enzymes are needed for acomprehensive understanding of
their positive and negative roles in shaping miRNA pools®?%,

Conclusions and future challenges

The application of new techniques to the miRNA field continues to
yield fundamental insights into the operation of core miRNA factors
and substrates, as well as new layers of regulated miRNA processing and
function. For most of the experimental strategies discussed, there are
clear next stepsto follow. For example, only afew miRNAs were assessed
instructural studies of miRNA biogenesis factors (Fig. 3a-d). Asendo-
genous miRNAs vary widely in their biogenesis efficiency (Fig. 2a-c),
including diverse miRNAs in future cryo-EM studies will be informative
for bothMicroprocessor and Dicer substrates. This may yield insights
into how Microprocessor cofactors such as ERH and SAFB contribute
to the biogenesis of suboptimal and/or clustered miRNAs (Fig. 4c).

Single-molecule imaging uniquely provides direct visualization
of dynamic miRNA processing and regulatory complexes. However,
it is notable that in vitro studies of Microprocessor have been not-
ably lacking (compared with Dicer and Ago), whereas in vivo assays
have mostly focused on Ago (Fig. 3e) with little application to miRNA
biogenesis factors thus far. In particular, the subcellular contexts of
Microprocessor®®° and Dicer****° are functionally relevant and
should be explored further in the future.

Asmentioned, miRNA biogenesisis often not astraight shot from
primary transcript to mature small RNA (Fig. 1) but can be highly regu-
lated (Fig. 4). There is surely much more to learn, given the existence
of numerous phylogenetically conserved miRNA hairpin loops'” and
extensive catalogues of specific associations between RBPs and miRNA
precursors?*'??, which generally remain to be studied. For instance,
recent work shows that mir-144, the canonical partner of Dicer-
independent mir-451, is itself highly regulated. This involves struc-
tural rearrangement of the pre-mir-144 stem into a Dicer-competent
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Fig. 5| Regulation of miRNA turnover. a, General turnover of Argonaute (Ago)-
microRNA (miRNA) complexes. Ago proteins that are not associated with small
RNAs are usually unstable and selectively degraded across species. In principle,
these exist prior to miRNA loading or after ejection of the mature miRNA. Empty
Ago proteins are selectively tagged by the E3 ubiquitin ligase Iruka, which signals
its degradation by the proteasome. In concert, miRNAs are generally stable
within Ago complexes. However, when not shielded by Ago protein, miRNAs are
generally unstable as they lack 5 cap and 3’ polyA tails. Such free miRNAs may

be degraded directly by various exoribonucleolytic pathways or may be subject
to 3’ tailing by terminal uridyltransferases (TUTases) and degradation by

Dis3L2 3’ exoribonuclease. b, Target-directed miRNA degradation (TDMD) is a
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sequence-specific process by which individual designated miRNAs are degraded
uponinteraction with highly complementary trigger RNAs. Normally, the miRNA
3’end is bound by the Ago-PAZ domain. However, when engaged in extensive
base-pairing witha TDMD trigger, the miRNA 3’ end is exposed. This provides
access to modification by TUTase and potential degradation by Dis3L2; however,
tailing is not generally coupled to turnover. Instead, the dominant mechanism
for TDMD involves a conformational change of Ago that allows it to be selectively
recognized by ZSWIMS, which recruits a Cullin-RING E3 ubiquitin ligase complex
todegrade Ago. The exposed miRNA is then presumably subject to turnover by
general exoribonucleases.

structure, mediated by a conserved loop motif and the dsRBD factor
ILF3 (ref. 211). Undoubtedly, additional mechanisms of positive and
negative regulation in miRNA biogenesis will be elucidated in the
future.

Finally, we must not lose sight of the implications of miRNA biol-
ogy, such as whether the regulation of defined miRNA targets truly
mediate organismal phenotypes. To date, most studies of miRNA-
target biology remain correlative, and the mere fact that numerous
derepressed targets can be detected upon miRNA loss does not nec-
essarily mean they all contribute functionally to miRNA phenotypes.
Recently, CRISPR mutagenesis has validated a growing number of
TDMD target sites that genuinely restrict miRNA abundance!*2°%2%!

(Fig. 5), aswell as demonstrated the strong phenotypic impact of target
mRNAs via defined miRNA sites?>, Ultimately, achieving such direct
connections between target site-mediated gene regulation and
invivo phenotypes are required to fully understand miRNA functionin
development and disease.

Published online: 28 June 2023
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