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“the central dogma”:  DNA-->RNA-->protein

however, many types of functional RNAs are known
 

･ tRNA (transfer RNA): translation
･ snoRNA (small nucleolar RNA): Direct rRNA modification

･ rRNA (ribosomal RNA): Ribosomal RNA is responsible for peptide bond formation in the ribosome
･ Group I Introns: class of RNA introns that catalyze their own splicing

･ Riboswitches: RNA motifs that control transcript activity by allosteric binding of metabolites
･ RNaseP RNA: Component of RNaseP, which edits tRNA

･ SRP RNA (signal recognition molecule): part of RNP that transports secreted proteins to ER
･ Telomerase RNA: Structured RNA that provides sequence template for telomere sequences 

･ >50 small ncRNAs in prokaryotes: many are regulatory RNAs
･ long “mRNA-like ncRNAs”: Xist, H19, bxd, etc; diverse regulatory or scaffolding functions

• miRNA/siRNA/piRNA: <30nt RNAs in Argonaute effectors
• CRISPR/Cas9: phage defense system in bacteria

and more to come: a still ongoing expansion in the types of 
functional non-coding RNAs known across all life forms



RNAi and miRNAs

• how RNAi and miRNAs were found

• basic mechanisms of RNAi and miRNA activity

• defining biological functions for miRNA genes

• using RNAi as a genetic screening tool



in plants: attempts made to produce petunias with deeper pigment
 by overexpressing chalcone synthase (Jorgensen and Stuitje)

• instead, transgenic plants show random or sectored pigment loss!

• effect termed “co-suppression” or “post-transcriptional gene silencing (PTGS)”
• process related to control of invasive nucleic acids (e.g. TEs, viruses)
• later associated with accumulation of small RNAs (Hamilton, Science 1999)

wt                           + chalcone synthase transgenes 

Van der Krol et al, Plant Cell 1990; Napoli et al, Plant Cell 1990





Meanwhile, in animals...

many attempts made to produce gene knockdowns 
 with antisense RNA

+ = | | | | | | | | | | | | | | | | | | | | |

block translation?

occasionally it worked, often it didn’t...
     ...sometimes even sense RNA could knockdown gene activity



Effects of antisense RNA were studied carefully by Fire and Mello

• critical component for gene knockdown is dsRNA (the “trigger”)
• occasional inhibitory effects of sense or antisense likely 
 due to contaminating dsRNA

GFP + GFP dsRNA                                  GFP only

Fire et al, Nature 1998



Minimization of dsRNA side products is critical for therapeutics
 (eg mRNA vaccines!) 

Dousis Nat Biotech 2023



• potent negative regulatory activity of dsRNA
soon extended to diverse experimental systems

• reflects a fundamental cellular response to dsRNA

• phenomenon termed RNA interference (RNAi)



RNAi can be recapitulated in vitro using cell extracts

paves the way for biochemical dissection of RNAi mechanism

Pp-luc

RNA

(Tuschl G&D 1999; Zamore Cell 2000)

(background band)

• 32P-target and control mRNA
• targeting dsRNA
• cell lysate

incubate and run on gel



21-22nt

dsRNA triggers are processed into 21-22 nt segments (“dicing”)

Zamore Cell 2000

• (+/- target)
• 32P-dsRNA
• cell lysate

incubate and run on gel 21-22nt siRNAs



siRNAs determine cleavage sites on target mRNAs (“slicing”)

siRNAs assemble into RNA-induced silencing complex (RISC)

target sequences are cleaved between
positions 10 and 11 from the 5’ end of the guide siRNA

Elbashir EMBO 2001

5'                                           3' 

3’                                                                                               5' 

siRNA

target

10-11 
| | | | | | | | | | | | | | | | | | | | | |



RNAi can be divided into “initiation” and “effector” phases
                (dicing)          (slicing)

• process dsRNA into siRNA duplexes
• mediated by “Dicer” (RNase III)

• assemble ss-siRNA into RISC 
 (RNA induced silencing complex)
• RISC finds and cleaves targets
• “Slicer”=Argonaute/AGO (RNase H-like)

it is biochemically/genetically possible to bypass the dicing/RNaseIII phase 



cloning and sequencing of siRNAs from exogenous dsRNA triggers
also identified endogenously-encoded small RNAs

some derived from transposons,
others shared characteristics with some unusual worm genes...



Lin-14         L1 lineagesLin-4
3'UTR
Lin-14         L2 lineages

L1 L2
molt

lin-4 and let-7 precursor RNAs



lin-4 and let-7 mediate negative regulation by forming
RNA duplexes with target 3’ UTRs

Ambros and Ruvkun labs

• unlike siRNAs, these worm small RNAs have “imperfect” targets



1992-1993 Gary Nob73 Apr 2025



Gain-of-function alleles of Notch target genes

wt                              Brd1
spl/Y spl/Y; E(spl)m8D/+

Lai et al, Development 1997, Dev 1998, Cell 1998

= GUCUUCC (GY box)                = AGCUUUA (Brd box)               = cUGUGAUa (K box)

Leviten 1997;  Knust 1987

reveal networks of post-transcriptional regulation by ~7nt motifs



“boxes” reveal the regulatory logic of microRNA target sites

Lai, Nature Genetics 2002, Genes Dev 2005 



Animal miRNAs can have limited complementarity with targets

Brennecke et al, PLoS 2005

“sensor” assay

target 5'                                          3'
3'                 5'  miRNA

|||||||

“miRNA seed”
positions 2-8 from 5’ end

3' UTR “box”

• as little as 7 bp of seed-pairing can suffice for regulation in vivo
• more pairing can be better, but is not necessarily better



Different modes of repression by AGO/small RNA complexes 

“siRNA”/Slicer complex:
target cleavage

“miRNA”/non-Slicer complex:
GW182 (TNRC6) is an essential cofactor
target mRNA deadenylation/degradation

translational inhibition
relocalization/storage?

etc.

• type of AGO loaded / extent of target complementarity determines regulation
 (4 AGOs in mammals, only Ago2 is a Slicer)

GW182

Ago2 Ago1-4



Canonical miRNA biogenesis pathway

open questions:
• there are many alternative ways to make miRNAs...
• there are many regulatory steps for miRNA biogenesis and function...

stepwise,
compartmentalized,

cleavage by 
two RNase III

enzymes



• human Ago2 has tandem
hydrophobic W-binding pockets
to dock GW182

Structural biology of silencing

• seed (~nt 2-8) is splayed out
and adopts a-helix with target

archeal and mammalian Ago:
• MID binds 5' end sRNA
• PAZ binds 3' end sRNA
• PIWI is RNase H-like domain

Patel, Joshua-Tor, Barford, Macrae, Kim, etc

• Microprocessor docks to pri-miRNAs
• Dynamic Dicer structures



• animal miRNAs “hard” to study since target sites as little as 7 nt 

• best understood animal miRNAs came from forward genetics

• clear mutant phenotypes placed them into biological contexts
 (independent of their identity as miRNAs)

miRNA biology: >1000 miRNAs known, but what do they do?

• plant miRNAs “easier” to study than animal miRNAs
 mostly highly complementary targets: mostly developmental TFs



Garaulet Dev Cell 2020

virgin mated

• receptive to males
• suppress egg-laying

• lay fertilized eggs
• change metabolism
       and behavior

An example: a fly miRNA+target that controls female behavior

Linking behavior with internal state



stored in the genital organs to the female brain. However,
beyond this simple, linear afferent circuit, larger populations of
less characterized neurons are also involved either in the inter-
pretation of mating information or the execution of mated
responses (Haussmann et al., 2013). Most of these neurons ex-
press fruitless (fru), doublesex (dsx), and/or ppk genes and
configure an intricate neuronal network underlying female sexual
behavior (Bussell et al., 2014; Feng et al., 2014; Haussmann
et al., 2013; Monastirioti, 2003; Rezával et al., 2012).
Nonetheless, despite intense investigations of the behavioral,

neuronal, and molecular nature of the PMR, the genetic determi-
nants of the virgin state remain largely unknown. Here, we report
that developmental repression of an individual transcription fac-
tor bymicroRNAs (miRNAs) is critical to establish virgin behavior.
This regulatory axis was revealed by deletion of the bidirection-
ally transcribed Bithorax complex (BX-C) miRNA locus, which
constitutively induce multiple post-mated behaviors in virgins.
The BX-C hairpin locus expresses distinct miRNAs (miR-iab-4/
miR-iab-8) in adjacent domains of the VNC, which contains spe-
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Figure 1. BX-C miRNAs Prevent Post-Mat-
ing Behaviors in Virgins
(A–E) Deletion of mir-iab-4/8 suppresses multiple

virgin behaviors (B and E) and induces mated

behaviors (A and D) in virgin females. (A) Quanti-

fication of egg-laying by individual females that are

either virgin (V) or mated (M). (B) Analysis of sexual

receptivity, assessed by the fraction of individual

females that are copulating at 10 min across

multiple genotypes. (C) Timing of copulation

onset, analyzed in the subset of females that are

receptive to mating. (D) Quantification of ovipos-

itor extrusions by individual females. Virgins are

1 day old. (E) Quantification of vaginal plates

openings by individual females.

(F) A metric summarizing all of the behaviors

studied (virgin index), showing that deletion ofmir-

iab-4/8 shifts virgin behavior to mated values.

Egg-laying is presented in both quantitative

(Quant.) and qualitative (Qualit, yes or no) mea-

sures.

(G) Schematic representation of internal state and

behavior in wild-type (gray) and BX-C miRNA

mutant females (blue). While behavior is

constantly coupled to mating state in wild-type

females, deletion of mir-iab-4/8 in virgins sup-

presses virgin behaviors and triggers PMRs before

copulation. Statistical significance was evaluated

using Fisher’s exact test for receptivity (B), and

Mann-Whitney non parametric test for all other

behaviors. ns, not significant, *p < 0.05, **p < 0.01,

*** p < 0.001, ****p < 0.0001. Error bars, SEM.Wild-

type flies are Canton-S strain. See also Figures

S1–S3; Videos S1 and S2.

cific neurons that mediate the post-mat-
ing switch. Deletion of the BX-C miRNAs
strongly derepresses homothorax (hth),
which is directly targeted by both BX-C
miRNAs to suppress post-mated
behavior in virgins. Importantly, targeted
mutation of the array of BX-C miRNA

binding sites in the hth 30 UTR similarly abrogates virgin behavior.
Finally, we integrate this with the regime of neural alternative pol-
yadenylation (APA), since specific deletion of the hth neural 30

UTR extension that bears most of these miRNA binding sites
also blocks the virgin state.
Overall, we utilize miRNAs as an entry point to reveal critical

post-transcriptional biology that interfaces with APA control.
The failure of these regulatory events has profound conse-
quences on the ability of female flies to integrate sexual internal
state with appropriate behaviors.

RESULTS

BX-C miRNAs Suppress the Post-Mating Switch in
Virgins
Egg-laying is a defining characteristic of mated behavior in fe-
male flies. Although old virgins are able to lay some unfertilized
eggs, oviposition is largely suppressed in young (0–3 day old)
virgins (Figures 1A, S1B, and S1C). Instead, mating and SP
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Since PMRswere triggered by Hthmisexpression inmir-iab-4/
8mutants, we wondered whether behavior changes in mated fe-
males might involve acute changes in Hth levels in relevant
abdominal neurons following copulation. However, immuno-
staining of the VNCs of wild-type females did not reveal dynamic
elevation ofHth in abdominal segments aftermating (Figure S5F).
This suggests that upregulation of Hth interferes with the proper
function of mutant switch neurons, but is not involved in the
normal response to copulation.

Hth upregulation in the VNC is observed throughout develop-
ment and adult life. To discern the temporal requirements of
miR-iab-4/8 regulation of hth, we restricted hth knockdown to
either developmental stages or adult life, by inclusion of tub-
Gal80ts transgene, and placing the flies at restrictive (18!C) or
permissive temperature (29!C) before or after eclosion. (Figures

5D and 5E). Of note, raising the temperature after eclosion stim-
ulates egg-laying in adult wild-type females (Figure 5D compare
to Figures 1A, 3A, and 5A). Nonetheless, mir-iab-4/8 mutant fe-
males still lay comparatively more eggs under these temperature
conditions, and adult specific hth knockdown after eclosion
does not revert this trend (Figure 5D). By contrast, temperature
elevation during development did not affect egg-laying in wild-
type virgins (Figure 5E). In this setting, developmental silencing
of hth in VT-7068 neurons was sufficient to revert the elevated
oviposition rates observed in mir-iab-4/8 nulls (Figure 5E).
Overall, while Hth is broadly misexpressed throughout the

miR-iab-4/8 domains in mutants, its post-transcriptional repres-
sion in restricted sets of abdominal neurons during development
mediates the capacity of virgins to integrate internal state and
behavior.
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Figure 4. Hth Patterning in Wild-Type and mir-iab-4/8 Mutant CNS
(A–F) Confocal images of female AbGs (boxed region in G). Hth (green) is mostly excluded from the abdominal segments in wild-type females in larval (A) and adult

VNC (dorsal in C, ventral in D). Nevertheless, it is widely accumulated in mir-iab-4/8 mutants (B, E, and F).

(G and H) Schematic representation of abdominal patterning of hth by BX-C miRNAs in wild-type (G) and mir-iab-4/8 mutants (H).

(I–J) hth is not expressed in VT-switch neurons in wild-type VNCs (I and I0) but detectable in mir[D/C11] mutants (arrows, J and J0). Hth is expressed in discrete

clusters in the female brain, with restricted overlap with VT-7068 neurons (K and K0). Unlike abdominal neurons, no hthmisexpression is observed in the brain of

mir-iab-4/8 nulls (L and L0). Scale bar, 25 mm (A–F, I–J0) and 60 mm (K–L0). See also Figures S4 and S5.
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• knockout of mir-iab-4/8 induces mated behaviors in virgin females
• knockout of mir-iab-4/8 induces misexpression of Hth in the VNC

virgin vs mated:

Garaulet Dev Cell 2020

An example: a fly miRNA+target that controls female behavior



(Figure 6E). In both cases, full viability of hth-HD[DattP] was
restored, and no external developmental defects were observed.
By contrast, immunostaining of the adult VNC revealed substan-
tial defects specifically in the hth[BSmut] replacement allele. In
particular, Hth was derepressed in the mutant abdominal gan-

glion compared to the wild-type 30 UTR replacement, both dur-
ing larval stages (Figure S7B) and in adult females (Figures 6F
and S7C). The adult de-repression of Hth was more overt in
the ventral VNC relative to dorsal VNC (Figures 6F and S7C).
Overall, these experiments yield stringent evidence that specific
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Figure 6. Engineering of Homothorax 30 UTR
(A) Flexible 30 UTR engineering pipeline.

(B) sgRNA cocktails were designed to delete the last 2 exons and the full 30UTR of hth-HD isoform, which encodes the full-length homeodomain (HD) factor.

(C) hth-HD 30UTR alleles generated by CRISPR/FC31 mediated deletion and replacement.

(D) Two point mutations were introduced per predicted binding site for either mature species of miR-iab-4 and miR-iab-8.

(E) Northern blotting of the hth-HD engineered alleles. Deletion of the neural extension (hth[Dext]) eliminates the 6.6 kb isoform, only present in heads. Deletion of

the universal segment (hth[Duniv]) generates a novel isoform of 5 kb, which constitutively incorporates the UTR extension both in heads and bodies (5 kb). hth[wt]

replacement and binding sites mutant (hth[BSmut]) do not affect the isoforms detected. kb, kilobase.

(F) Hth pattern in the posterior region of the larval VNC and the AbG of hth-HD 30 UTR alleles. hth[BSmut] and hth[Dext] fail to repress hth in abdominal segments.

Scale bar, 50 mm. See also Figure S7; Tables S1 and S2.
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(Figure 6E). In both cases, full viability of hth-HD[DattP] was
restored, and no external developmental defects were observed.
By contrast, immunostaining of the adult VNC revealed substan-
tial defects specifically in the hth[BSmut] replacement allele. In
particular, Hth was derepressed in the mutant abdominal gan-

glion compared to the wild-type 30 UTR replacement, both dur-
ing larval stages (Figure S7B) and in adult females (Figures 6F
and S7C). The adult de-repression of Hth was more overt in
the ventral VNC relative to dorsal VNC (Figures 6F and S7C).
Overall, these experiments yield stringent evidence that specific
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Figure 6. Engineering of Homothorax 30 UTR
(A) Flexible 30 UTR engineering pipeline.

(B) sgRNA cocktails were designed to delete the last 2 exons and the full 30UTR of hth-HD isoform, which encodes the full-length homeodomain (HD) factor.

(C) hth-HD 30UTR alleles generated by CRISPR/FC31 mediated deletion and replacement.

(D) Two point mutations were introduced per predicted binding site for either mature species of miR-iab-4 and miR-iab-8.

(E) Northern blotting of the hth-HD engineered alleles. Deletion of the neural extension (hth[Dext]) eliminates the 6.6 kb isoform, only present in heads. Deletion of

the universal segment (hth[Duniv]) generates a novel isoform of 5 kb, which constitutively incorporates the UTR extension both in heads and bodies (5 kb). hth[wt]

replacement and binding sites mutant (hth[BSmut]) do not affect the isoforms detected. kb, kilobase.

(F) Hth pattern in the posterior region of the larval VNC and the AbG of hth-HD 30 UTR alleles. hth[BSmut] and hth[Dext] fail to repress hth in abdominal segments.

Scale bar, 50 mm. See also Figure S7; Tables S1 and S2.
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(Figure 6E). In both cases, full viability of hth-HD[DattP] was
restored, and no external developmental defects were observed.
By contrast, immunostaining of the adult VNC revealed substan-
tial defects specifically in the hth[BSmut] replacement allele. In
particular, Hth was derepressed in the mutant abdominal gan-

glion compared to the wild-type 30 UTR replacement, both dur-
ing larval stages (Figure S7B) and in adult females (Figures 6F
and S7C). The adult de-repression of Hth was more overt in
the ventral VNC relative to dorsal VNC (Figures 6F and S7C).
Overall, these experiments yield stringent evidence that specific
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Figure 6. Engineering of Homothorax 30 UTR
(A) Flexible 30 UTR engineering pipeline.

(B) sgRNA cocktails were designed to delete the last 2 exons and the full 30UTR of hth-HD isoform, which encodes the full-length homeodomain (HD) factor.

(C) hth-HD 30UTR alleles generated by CRISPR/FC31 mediated deletion and replacement.

(D) Two point mutations were introduced per predicted binding site for either mature species of miR-iab-4 and miR-iab-8.

(E) Northern blotting of the hth-HD engineered alleles. Deletion of the neural extension (hth[Dext]) eliminates the 6.6 kb isoform, only present in heads. Deletion of

the universal segment (hth[Duniv]) generates a novel isoform of 5 kb, which constitutively incorporates the UTR extension both in heads and bodies (5 kb). hth[wt]

replacement and binding sites mutant (hth[BSmut]) do not affect the isoforms detected. kb, kilobase.

(F) Hth pattern in the posterior region of the larval VNC and the AbG of hth-HD 30 UTR alleles. hth[BSmut] and hth[Dext] fail to repress hth in abdominal segments.

Scale bar, 50 mm. See also Figure S7; Tables S1 and S2.
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• engineerable platform for 3' UTR alleles 
• point mutations in hth miRNA binding sites
 induce ectopic Hth in VNC
and induce mated behaviors in virgin females, 
 like ∆mir-iab-4/8

• hth is a demonstrable key target of miR-iab-4/8
 is it the only such target??

Garaulet Dev Cell 2020

An example: a fly miRNA+target that controls female behavior



• conserved seed-pairing provides evidence for 
   biologically constrained miRNA:target interactions

• computational evidence for many (100s) targets per miRNA

• 10,000s of conserved target sites in most human genes, 
    overall covering most biological processes

Friedman Genome Res 2009

nucleotide 9 (Lewis et al. 2005; Nielsen et al. 2007). Comparative
analyses revealed targeting in open reading frames (ORFs) (Lewis
et al. 2005; Stark et al. 2007a) but also supported experimental

findings that sites are more effective if they fall outside the path
of the ribosome (Grimson et al. 2007). Comparative analyses sup-
ported the importance of other features of site context, including

Figure 1. Method for detecting preferential conservation of miRNA sites. (A) Sites matching the miRNA seed region. All four canonical sites (colored)
share six contiguous Watson–Crick matches to the miRNA seed (nucleotides 2–7); the offset 6mer contains six contiguous matches to nucleotides 3–8.
(B) Phylogenetic conservation of individual sites. Each panel represents a miR-1 8mer site conserved to a branch length of 1.0. The 3!UTR of SLC35B4
falls into the fourth-most poorly conserved bin, which has a phylogeny with relatively long branch lengths (left), whereas the 3!UTR of SPRED1 falls into
the most well-conserved bin, which has a phylogeny with shorter branch lengths (right). Branch segments connecting the species with sites are colored
purple, with numbers indicating the lengths of the longer segments. The lengths of the segments connecting the species are summed to yield the
branch-length score (equation). (C) Performance of controls matched for number of occurrences in human 3!UTRs, GC content, or expected conser-
vation as calculated by a first-order Markov model. For each possible RNA 7mer, conservation rates (signal) and average conservation rates for 50 control
7mers (background) were calculated for all 3!UTRs at a branch-length cutoff of 1.0. Error bars indicate 25th and 75th percentiles. Because most 7mer
motifs are not selectively maintained, well-performing controls should yield median signal-to-background ratios near 1.0, with low variability for every
bin. (D) Nested site conservation. Because the seed-matched sites are interrelated, we subtract conserved instances of extended sites from those of
shorter sites. This hypothetical site is an 8mer match to miR-1 in a human 3!UTR that is more broadly conserved as a 7mer-m8 than as an 8mer site,
and as a 6mer than as a 7mer-m8 site. As a result of nested subtraction, our method considers this site an 8mer at low branch-length cutoffs but not
a 6mer or 7mer. At moderate branch-length cutoffs, it switches to a conserved 7mer-m8 site, and at high branch-length cutoffs it switches to a conserved
6mer site but not a 7mer or 8mer. (E) Signal and background for the miR-1 8mer site. For each UTR bin 1 through 10, with bin 1 having the least
conserved UTRs and bin 10 the most conserved, the number of miR-1 sites conserved at the indicated branch-length cutoff is plotted with estimated
background (small plots). Results for all 10 bins were then combined to represent the aggregate signal and background for this site (large plot).
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Another viewpoint of animal miRNA function



experiment: transfect a muscle specific and a brain specific miRNA in HeLa cells,
monitor cellular response by microarrays

100-200 genes went down--most had seed matches in their 3’ UTRs

• genes targeted by a brain (miR-124) miRNA 
and a muscle (miR-1) miRNA, 
are normally expressed at lowest levels 
in brain and muscle, respectively

Lim Nature 2005

Why so many targets for miRNAs?
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genetically, best understood miRNAs have a “few” important targets

computationally, most animal miRNAs have “lots” of targets

remains to be seen whether target lists represent
100s of equally (but perhaps mildly) important targets,
or a few very important targets + many subtle targets 

• specific mutation of endogenous miRNA sites is needed 
to demonstrate causality of miRNA targeting to phenotype

In vivo CRISPR screening for phenotypic
targets of the mir-35-42 family
in C. elegans
Bing Yang,1 Matthew Schwartz,2 and Katherine McJunkin1

1National Institute of Diabetes and Digestive and Kidney Diseases Intramural Research Program, National Institutes of Health,
Bethesda, Maryland 20815, USA; 2Department of Biology, University of Utah, Salt Lake City, Utah 84112, USA

Identifying miRNA target genes is difficult, and delineating which targets are the most biologically important is
even more difficult. We devised a novel strategy to test the phenotypic impact of individual microRNA–target in-
teractions by disrupting each predicted miRNA-binding site by CRISPR–Cas9 genome editing in C. elegans. We
developed a multiplexed negative selection screening approach in which edited loci are deep sequenced, and can-
didate sites are prioritized based on apparent selection pressure against mutations that disrupt miRNA binding.
Importantly, our screen was conducted in vivo on mutant animals, allowing us to interrogate organism-level phe-
notypes.Weused this approach to screen for phenotypic targets of the essentialmir-35-42 family. By generating 1130
novel 3′UTR alleles across all predicted targets, we identified egl-1 as a phenotypic target whose derepression par-
tially phenocopies the mir-35-42 mutant phenotype by inducing embryonic lethality and low fecundity. These
phenotypes can be rescued by compensatory CRISPR mutations that retarget mir-35 to the mutant egl-1 3′UTR.
This study demonstrates that the application of in vivo whole organismal CRISPR screening has great potential to
accelerate the discovery of phenotypic negative regulatory elements in the noncoding genome.

[Keywords: CRISPR; in vivo screening; miRNA targets; miRNAs; mutational profiling; negative selection screening;
C. elegans]

Supplemental material is available for this article.
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microRNAs (miRNAs) play fundamental roles in main-
taining appropriate gene expression to ensure normal
physiology. miRNAs recognize their multiple target
genes primarily through complementarity between the
“seed” region of the miRNA (nucleotides 2–8 from the
5′ end) and the 3′UTR of the target. Because of the impor-
tance of the seed sequence in target recognition, miRNAs
that share an identical seed sequence act redundantly on a
common set of target genes, and are together termed a
miRNA “family” (Bartel 2009).
Despite great advances in our understanding of the mo-

lecular basis of miRNA target recognition and repression,
identifying the targets that are regulated in vivo is still a
major challenge. Various methods have been developed
to identify putative miRNA-binding sites, including pre-
diction algorithms, transcriptional or ribosomal profiling
upon miRNA induction, or empirical methods such as
cross-linking immunoprecipitation (CLIP) and cross-link-
ing, ligation, and sequencing of hybrids (CLASH) (Quévil-
lon Huberdeau and Simard 2019). However, these
methods all generate a long list of candidate genes with

their own caveats, including false positives and false neg-
atives from all methods. In vivo validation is necessary to
confirm that any given miRNA–target pair is a functional
regulatory interaction (Fridrich et al. 2019).
Beyond just identifying the target genes biochemically

regulated by a miRNA, understanding a miRNA’s most
biologically relevant target genes is even more difficult.
The biological function of a miRNA or miRNA family
can be inferred by its loss-of-function phenotype.
Although all target genes of a miRNA lose miRNA-medi-
ated repression in a miRNA loss-of-function context,
derepression of only a subset of these genes will have bio-
logical consequences (e.g., those with high amplitude der-
epression or high dosage sensitivity) (Fridrich et al. 2019).
Thus, a clear understanding of amiRNA’s biological func-
tions requires identifying the subset of the miRNA’s
biochemical targets whose derepression contributes to
the phenotypic outcomes (termed “phenotypic” targets
hereafter). Forward genetic screens have historically

Corresponding author: katherine.mcjunkin@nih.gov
Article published online ahead of print. Article and publication date are
online at http://www.genesdev.org/cgi/doi/10.1101/gad.339333.120.
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An ancient and essential miRNA family controls cellular 
interaction pathways in C. elegans
Emilio M. Santillan1, Eric D. Cormack1, Jingkui Wang2,  
Micaela Rodriguez- Steube1, Luisa Cochella1*

The transition from unicellular to multicellular life required the acquisition of coordinated and regulated cellular 
behaviors, including adhesion and migration. In metazoans, this involves adhesion proteins, signaling systems, 
and an elaborate extracellular matrix (ECM) that contributes to adhesion and signaling interactions. Innovations 
that enabled complex multicellularity occurred through new genes in these pathways, novel functions for existing 
genes, and regulatory changes. Gene regulation by microRNAs (miRNAs) expanded with multicellularity. A single 
miRNA, miR- 100, arose in the last common eumetazoan ancestor and is widely conserved across animals. We re-
veal the molecular function of its C. elegans homolog, the miR- 51 family. This family acts in a dose- dependent 
manner to control morphogenesis by regulating several genes involved in cell signaling, adhesion, and migration, 
including ECM modi!ers—speci!cally heparan sulfate sulfotransferases (HSTs). Some of these targets are also 
predicted to be conserved targets across vertebrates. Our work suggests that this miRNA provided an innovation 
in the regulation of cellular interactions early in metazoan evolution.

INTRODUCTION
MicroRNAs (miRNAs) provide a layer of posttranscriptional gene 
repression that is essential for animal development (1). !e number 
of miRNAs expanded with various innovations during animal evo-
lution, and extant animals express hundreds of miRNAs (2–6). 
About 30 miRNAs are conserved across bilaterians, but a single 
miRNA, miR- 100, has remained conserved across eumetazoans (6) 
(animals with true tissues organized into germ layers, including bi-
laterians and cnidarians) ("g. S1A). Despite its conservation, the mo-
lecular function of miR- 100 remains largely unknown. In Drosophila, 
deletion of the single copy of miR- 100 does not cause overt defects 
(7). Vertebrates have multiple copies of miR- 100 (5): !ere are two 
in birds, three in mammals, and four in "sh ("g. S1B), and no com-
plete deletion of this family in vertebrates has been reported to date. 
In Caenorhabditis elegans, miR- 51 is an ortholog of miR- 100, and it 
forms a family with six members (miR- 51 through miR- 56) that 
share the seed sequence (nucleotides 2 to 8) and are expressed from 
four loci (Fig. 1A and "g. S1C). miR- 51 is an ortholog of miR- 100, 
while other family members probably arose by convergent evolution 
(5). Deletion of all six family members causes completely penetrant 
embryonic defects and lethality, which can be rescued by overex-
pression of any individual member, indicating that they act in a re-
dundant manner (8, 9). We thus used C. elegans not only to dissect 
the molecular function of miR- 51/miR- 100 but also to understand 
the need for multiple members of this family.

RESULTS
Initial characterization of the miR- 51 family (miR- 51Fam) had re-
vealed that complete loss of the family causes embryos to arrest dur-
ing the elongation stage of morphogenesis, when the body of the 
worm lengthens to its "nal shape (8, 9). A failure in attachment of the 
pharynx to the buccal cavity was also reported (9). We con"rmed 

that about half of the animals die as arrested embryos ("g. S1D and 
movies S1 and S2). We found that the rest die shortly a$er hatching, 
and the larvae that do hatch are signi"cantly shorter (Fig. 1B).

!e redundancy of the six family members is, however, not com-
plete. Individual loci have a quantitatively di%erent ability to sup-
port function as measured by viability and body length [(8), Fig. 1C, 
and "g. S1E]. For example, the miR- 52 locus was su&cient to pro-
duce fully viable worms of normal length, while animals with all 
family members deleted except for miR- 53 died as larvae that were 
also short (Fig. 1C and "g. S1E). !is di%erential activity could have 
three nonexclusive causes: di%erences in (i) miRNA sequences out-
side of the seed that may a%ect target speci"city (10–12), (ii) ex-
pression pattern (13), and (iii) dose (14). To test the contribution of 
sequences beyond the seed, we took advantage of the strain that lives 
exclusively on miR- 52 and replaced the endogenous miR- 52 hairpin 
by the miR- 51 or miR- 53 hairpins, using CRISPR- Cas9. !ese two 
miRNAs, which are not su&cient to support development from 
their own loci, provided complete viability when expressed under 
the miR- 52 regulatory sequences (Fig. 1C), and they also fully re-
stored larval length ("g.  S1E). When expressed from the miR- 52 
locus, miR- 51 and miR- 53 achieved expression levels comparable to 
miR- 52 ("g. S2A). We also replaced miR- 52 by miR- 57, another or-
tholog of miR- 100 which di%ers by a single- nucleotide insertion in 
its seed and is thus not part of the family as it has di%erent targets 
(Fig. 1A). Introduction of miR- 57 did not support viability; howev-
er, converting the seed to that of miR- 51 was su&cient to fully re-
store development, including viability and length (Fig. 1, A and C, 
and "g. S1E). !us, di%erences in 3′ sequence alone do not account 
for functional di%erences among family members, and the miR- 
51Fam exerts its function by regulating seed- matched targets.

!e severity of the defects observed in the presence of individual 
miR- 51Fam members correlated with the dose of each miRNA, which 
we measured by small RNA sequencing with spike- ins for absolute 
quanti"cation (Fig. 1, C and E, and "gs. S1E and S2) (15, 16). All 
family members are broadly expressed [(9, 17) and "g. S1F]. How-
ever, because they are expressed from di%erent loci and likely have 
di%erences in pattern, we sought to disentangle dosage and pattern 

1School of Medicine, Johns Hopkins University, Baltimore, MD, USA. 2Research Insti-
tute of Molecular Pathology (IMP), Vienna BioCenter (VBC), Vienna, Austria.
*Corresponding author. Email: mcochel1@ jhmi. edu

Copyright © 2025 The 
Authors, some rights 
reserved; exclusive 
licensee American 
Association for the 
Advancement of 
Science. No claim to 
original U.S. 
Government Works. 
Distributed under a 
Creative Commons 
Attribution License 4.0 
(CC BY). 

D
ow

nloaded from
 https://w

w
w

.science.org on Septem
ber 03, 2025

Santillan et al., Sci. Adv. 11, eadz1934 (2025)     3 September 2025

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

7 of 11

ANOS1 also seems to cause disease (52). Our work suggests that 
targets of the miR- 100/miR- 51 family are dosage- sensitive genes.

!e dosage sensitivity of the miR- 51Fam also provides an opportu-
nity for evolutionary diversi"cation of gene regulation. Given the ex-
pression of family members from di#erent loci, it is possible that 
tissue-  or stage- speci"c modulation of total miR- 51Fam miRNA levels 

contributes to variation in target repression in a context- speci"c man-
ner. Moreover, variation of number and strength of miRNA binding 
sites could result in increasingly complex patterns of regulation. Future 
studies focusing on the spatial, temporal, and interspecies variation in 
target sites could further illuminate the developmental function and 
evolutionary impact of this deeply conserved miRNA family.
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Fig. 4. Multiple targets cumulatively explain miR- 51 family function. (A) Length at L1 measured in the series of strains with progressive addition of BSMs. The names 
of the genes below each dataset indicate those in which BSMs were added relative to the previous dataset, e.g., the 7x strain has BSMs in efn- 4, vab- 2, efn- 2, kal- 1, hst- 3.2, 
hst- 6, and e!- 1. P values in all panels from ANOVA with multiple comparisons correction. In all plots, each dot represents one animal. (B) Locomotion measured in the 
series of strains with progressive addition of BSMs. The numbers correspond to the same genotypes of the strains shown in (A). (C) Egg laying measured in the series of 
strains with progressive addition of BSMs. The numbers correspond to the same strains shown in (A). (D) HSN migration and axon path!nding defects in strains with di-
verse combinations of BSMs obtained by outcrossing the 13x strain with a strain containing the tph- 1prom::gfp reporter used to visualize the HSN. We recovered strains 
with the indicated genes containing BSMs and all others WT. Error bars represent the SE of the proportion. n > 45 animals per genotype. (E) Rescue of the locomotion 
defect observed in the 13xBSM strain by transgenic expression of a miRNA that binds the mutant binding sites, under the miR- 52 promoter. (F) Rescue of the egg laying 
defect observed in the 13xBSM strain by transgenic expression of a miRNA that binds the mutant binding sites, under the miR- 52 promoter.
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miRNAs mediate their function via target gene regulation

• but do they all make equal contribution? 
• are some more "important" for phenotype than others? 
• how substantial is miRNA regulation for organismal phenotype? 

• there are “lots” of conserved targets (100s/miRNA)



Applications of RNAi:

• on-demand loss-of-function in diverse species
• genomewide reverse/forward genetics
• custom-designed organisms, human therapies



High-throughput, systematic RNAi screening
• in invertebrates, long dsRNA can be effectively used to initiate RNAi
 each dsRNA is converted into many kinds of siRNAs
 -important to make dsRNA to nonconserved domains of genes
  (untranslated regions, gene-specific regions)

• libraries of dsRNA/inverted repeat constructs screenable in worms and flies

genomewide feeding RNAi screens in worms
• multiple genomewide transgenic RNAi collections in flies



RNAi screening in vertebrate/mammalian systems?

long dsRNA in mammals activates the interferon pathway in vivo
 sequence independent RNA destruction/global reduction of translation

can be circumvented by directly using siRNAs
 • full siRNA libraries now available for screening mouse and human
 using transient transfection



Second generation shRNA-mir vectors
endogenous processing using pre-mir backbone, new energy rules

• genomewide shRNA-mir plasmids for human and mouse

Third generation shRNA-mir vector
optimized miRNA backbone/prediction classifers for effective single-copy RNAi

Fellman Cell Reports 2013
Pelossof Nature Biotech 2017
http://splashrna.mskcc.org

Silva Nature Genetics 2005

• need to validate
multiple shRNAs
give same phenotype
(rule out “off-target”)

http://splashrna.mskcc.org


Do we know everything about miRNA biogenesis, 
or still need more mechanistic studies?Article

The Menu of Features that Define Primary
MicroRNAs and Enable De Novo Design of MicroRNA
Genes
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Part I: Canonical and Alternative miRNA
Biogenesis Pathways
The Canonical miRNA Biogenesis Pathway
A canonical pathway driven by RNase III enzymes generates the
majority of animal miRNAs (Ghildiyal and Zamore, 2009)
(Figure 1A). Primary miRNA (pri-miRNA) transcripts are typically
products of RNA Polymerase II, and the hairpins are usually con-
tained within noncoding RNAs or the introns of messenger RNAs
(mRNAs); frequently, multiple pri-miRNA hairpins are encoded
by an individual transcript. Their biogenesis beginswith cleavage
near the base of each pri-miRNA hairpin by the nuclear Drosha/
DGCR8 heterodimer. DGCR8 (known as Pasha in invertebrates)
is a double-stranded RNA (dsRNA) binding protein that re-
cognizes the proximal !10 bp of stem of the pri-miRNA hairpin,
positioning the catalytic sites of the RNase III enzyme Drosha
(Han et al., 2006). Cleavage releases a pre-miRNA hairpin that
is typically !55–70 nt in length.
The !2 nt 30 overhangs of pre-miRNA hairpins are recognized

by Exportin-5 (Exp-5) and its partner Ran-GTP, enabling their
nuclear export. In the cytoplasm, the Dicer RNase III enzyme

cleaves pre-miRNAs !2 helical turns into the hairpin, yielding
!22 nt small RNA duplexes. One of the strands is usually prefer-
entially incorporated into an effector Ago protein and guides it to
targets (Czech and Hannon, 2011). Select miRNA:target pairs in
animals exhibit extensive complementarity permitting their
cleavage by Slicer-class Ago proteins (Karginov et al., 2010;
Shin et al., 2010; Yekta et al., 2004). However, the bulk of miRNA
targets lack sufficient pairing for slicing, and are instead
repressed by deadenylation, mRNA degradation, and/or transla-
tional suppression (Fabian et al., 2010).
While Dicer and Ago proteins are central to miRNA biogenesis

in all species, certain homologs have distinct properties (Ghil-
diyal and Zamore, 2009). For example, C. elegans and verte-
brates encode a single Dicer that generates both miRNAs and
small interfering RNAs (siRNAs), but Drosophila encodes two
Dicers, of which Dcr-1 is specialized for pre-miRNA cleavage
and Dcr-2 is selective for siRNA biogenesis. Argonaute proteins
also exhibit specialization. Drosophila has two Ago-class effec-
tors, of which AGO1 is dominant for miRNAs and AGO2 for
siRNAs; these are further specialized in that AGO2 is a more
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Figure 1. Canonical and Major Alternative miRNA Biogenesis Pathways in Animals
(A) Canonical animal miRNAs are generated through consecutive cleavages of hairpin precursors by two RNase III enzymes. In the nucleus, the single strand-
double strand junction of the pri-miRNA hairpin is recognized by DGCR8, which positions the catalytic site of the RNase III enzyme Drosha. This cleavage
generates an !55–70 pre-miRNA hairpin that is exported to the cytoplasm, where it is cleaved toward the terminal loop end by the RNase III enzyme Dicer. The
miRNA/miRNA* duplexes are loaded into miRNA-class Argonaute effectors (in mammals, Ago1–4). One of the duplex strands is preferentially retained in Ago to
form the functional RNA-induced silencing complex.
(B)Many Drosha/DGCR8-independent pathways can generate pre-miRNA-like hairpins that serve as Dicer substrates.Mirtrons are short intronic hairpins that are
excised by splicing and linearized by lariat debranching; tailedmirtrons require further resection by nucleases, e.g., 30-50 resection of 30-tailedmirtrons by the RNA
exosome. RNA pol III-transcribed MHV68 tRNA-shRNA fusions are processed into pre-miRNA-like hairpins with defined 50 and 30 ends as a result of RNaseZ
cleavage and pol III termination, respectively. Endo-shRNAs without lower stems for Drosha/DGCR8 processing may derive from pol III transcription or cleavage
by as yet unknown endo- or exonucleases. These noncanonical miRNAs, like canonical miRNAs, are incorporated to Ago1–4. Endogenous substrates with
extended dsRNA character, including hpRNAs, transposable elements (TEs), antisense pseudogenes and natural antisense transcripts (NATs), are directly
cleaved by Dicer to generate siRNAs. These may potentially sort to all of the mammalian Agos, but presumably only those that load Ago2 can fulfill target slicing.
(C) Pri-mir-451 is processed by Drosha/DGCR8, and the resulting !18 bp pre-mir-451 is directly incorporated to Ago2. The Slicer activity of Ago2 cleaves the 30

arm of pre-mir-451, giving rise to ac-pre-mir-451, which is further resected by an as yet unknown mechanism to generate mature miR-451.
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Part I: Canonical and Alternative miRNA
Biogenesis Pathways
The Canonical miRNA Biogenesis Pathway
A canonical pathway driven by RNase III enzymes generates the
majority of animal miRNAs (Ghildiyal and Zamore, 2009)
(Figure 1A). Primary miRNA (pri-miRNA) transcripts are typically
products of RNA Polymerase II, and the hairpins are usually con-
tained within noncoding RNAs or the introns of messenger RNAs
(mRNAs); frequently, multiple pri-miRNA hairpins are encoded
by an individual transcript. Their biogenesis beginswith cleavage
near the base of each pri-miRNA hairpin by the nuclear Drosha/
DGCR8 heterodimer. DGCR8 (known as Pasha in invertebrates)
is a double-stranded RNA (dsRNA) binding protein that re-
cognizes the proximal !10 bp of stem of the pri-miRNA hairpin,
positioning the catalytic sites of the RNase III enzyme Drosha
(Han et al., 2006). Cleavage releases a pre-miRNA hairpin that
is typically !55–70 nt in length.
The !2 nt 30 overhangs of pre-miRNA hairpins are recognized

by Exportin-5 (Exp-5) and its partner Ran-GTP, enabling their
nuclear export. In the cytoplasm, the Dicer RNase III enzyme

cleaves pre-miRNAs !2 helical turns into the hairpin, yielding
!22 nt small RNA duplexes. One of the strands is usually prefer-
entially incorporated into an effector Ago protein and guides it to
targets (Czech and Hannon, 2011). Select miRNA:target pairs in
animals exhibit extensive complementarity permitting their
cleavage by Slicer-class Ago proteins (Karginov et al., 2010;
Shin et al., 2010; Yekta et al., 2004). However, the bulk of miRNA
targets lack sufficient pairing for slicing, and are instead
repressed by deadenylation, mRNA degradation, and/or transla-
tional suppression (Fabian et al., 2010).
While Dicer and Ago proteins are central to miRNA biogenesis

in all species, certain homologs have distinct properties (Ghil-
diyal and Zamore, 2009). For example, C. elegans and verte-
brates encode a single Dicer that generates both miRNAs and
small interfering RNAs (siRNAs), but Drosophila encodes two
Dicers, of which Dcr-1 is specialized for pre-miRNA cleavage
and Dcr-2 is selective for siRNA biogenesis. Argonaute proteins
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tors, of which AGO1 is dominant for miRNAs and AGO2 for
siRNAs; these are further specialized in that AGO2 is a more
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cleaved by Dicer to generate siRNAs. These may potentially sort to all of the mammalian Agos, but presumably only those that load Ago2 can fulfill target slicing.
(C) Pri-mir-451 is processed by Drosha/DGCR8, and the resulting !18 bp pre-mir-451 is directly incorporated to Ago2. The Slicer activity of Ago2 cleaves the 30
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• improved miRNA biogenesis  • requirement for Slicer dependency 
• reduce off-target silencing • elimination of miRNA* activity



RNAi genetics: some advantages and disadvantages

(+) systematic reverse genetics
 directed screening, know identity of each screened target
(+) synthetic screening, pooled screening possible for complex interactions
(+) powerful for both cell lines and animal settings
(+) (can be) fast, (can be) automated
(+) conditional/reversible (animal models)

(-) partial knockdown
(-) simple knockdowns can fail to reveal specific functions 
 of broadly used genes (temp sens, gof, domain specific alleles)
(-) poor targeting of proteins with long half-lives
(-) specificity issues, off-target effects
(-) can have limited possibilities for phenotypic assays
(-) still often need to make a mutant (CRISPR/Cas9)



Recently, the first 7 FDA approved RNAi drugs

these siRNAs target liver or kidney-expressed genes
ongoing challenges: delivery, potency, on-target activity

Aug 2018: patisiran, transthyretin-mediated amyloidosis
Nov 2019: givosiran, for acute hepatic porphyria
Nov 2020: lumasiran, for primary hyperoxaluria type 1
Dec 2021: inclisiran, lowers "bad" cholesterol
July 2022: vutrisiran, 2nd generation hATTR drug
Sept 2023: nedosiran, also for primary hyperoxaluria type 1
Mar 2025: fitusiran, for hemophilia

others submitted for FDA approval or in Phase 3 clinical trials

Seungjae Lee• improved siRNA function (Lee, Science 2024)



• serendipitous discovery of negative regulatory activity of dsRNA 

• RNAi is an ancient mechanism degrade transcripts homologous to dsRNA 
“triggers”, likely as a genome defense

• miRNAs are an adaption of the RNAi pathway to control endogenous genes, 
may have emerged several times in evolution

• RNAi as a powerful reverse genetic tool and a means to control gene 
expression, even for human benefit/convenience

• full exploitation of RNAi and miRNAs requires attention to basic mechanisms, 
endogenous biology, and creativity for new uses
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