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INTRODUCTION: MicroRNAs (miRNAs) are a
class of highly conserved small regulatoryRNAs.
After loading into Argonaute (AGO) proteins,
miRNAs promote the degradation and reduced
translation of the target mRNAs to which they
bind. Consistent with the essential functions
of miRNAs in development and physiology,
elaborate mechanisms that control miRNA
transcription and biogenesis have been un-
covered. However, much less is known about
the mechanisms that control miRNA turn-
over. Although miRNAs are generally very
stable, with half-lives extending to days, some
miRNAs are rapidly degraded. Thus, regu-
lated miRNA decay mechanisms exist. Per-
haps the most well-characterized pathway
for miRNA turnover is a process called target-
directed miRNA degradation (TDMD), which
occurs when a miRNA engages a target with
extensive complementarity. Unlike canonical
targets, TDMD-inducing targets typically ex-
hibit extended base pairing with the miRNA
3′ end. Multiple classes of targets that trigger

TDMD have been identified, including syn-
thetic transgenes, virally encoded transcripts,
and endogenous protein-coding and noncod-
ing RNAs. Nevertheless, the mechanism that
leads to miRNA degradation when a TDMD
target is encountered is poorly understood.

RATIONALE: Nontemplated nucleotide addition
and removal at the miRNA 3′ end occurs when
amiRNA engages a TDMD target. This process,
called tailing and trimming, has been proposed
to be an essential step in the decay mechanism.
However, depletion of terminal nucleotidyl-
transferases or nucleases that participate in
tailing and trimming does not stabilizemiRNAs
undergoing TDMD. Thus, the role of tailing
and trimming in this pathway remains un-
clear. Furthermore, trans-factors that are re-
quired for TDMD have yet to be identified. We
performed a genome-wideCRISPR-Cas9 screen
to investigate this important mechanism of
miRNA regulation and to address these un-
resolved questions.

RESULTS: The highly conserved long noncoding
RNA CYRANO triggers robust TDMD ofmiR-7
in the human cell lineK562. An enhanced green
fluorescent protein (EGFP) reporter transcript
was designed tomonitor decay ofmiR-7 in this
system and used in a genome-wide CRISPR-
Cas9 screen to identify factors that are required
for TDMD. The screen revealed that TDMD is
mediated by a cullin-RING ubiquitin ligase
(CRL) complex containing the substrate adap-
tor ZSWIM8, as well as core CRL components
elongins B and C (ELOB and ELOC), cullin 3
(CUL3), ARIH1, and RBX1. The ZSWIM8 ubiq-
uitin ligase was required for TDMD induced
by multiple transcripts in multiple cell lines.
miRNA turnover mediated by the ZSWIM8
complex did not require tailing and trimming.
Instead, ubiquitin transfer activity and activity
of the proteasome was required for miRNA
degradation directed by this complex. More-
over, the ZSWIM8 CRL interacted with AGO
proteins. Conserved surface-exposed lysine resi-
dues onAGO2, particularly K493,were required
for TDMD. These data suggest a role for direct
ubiquitylation of AGO in this miRNA decay
pathway. Small RNA sequencing in diverse cell
lines after depletion of ZSWIM8 revealed sta-
bilization of many miRNAs not previously
known to be regulated by TDMD.

CONCLUSION: Base pairing of a miRNA with
a TDMD-inducing transcript promotes broad
structural rearrangements of AGO. Our find-
ings suggest a model in which the ZSWIM8
ubiquitin ligase recognizes this TDMD-associated
conformation, resulting in ubiquitylation and
subsequent proteasomal decay of the miRNA-
containing complex. This likely leads to con-
comitant release and degradation of the miRNA
by cytoplasmic RNases. Our analyses of miRNA
expression in ZSWIM8-deficient cells, coupled
with the strong evolutionary conservation of
ZSWIM8 and its associated CRL components,
suggest that this pathway may act broadly to
regulate miRNA expression in metazoan de-
velopment and physiology. miRNAs in plants,
and other classes of small RNAs such as piwi-
interacting RNAs, are naturally 2′-O-methylated
at their 3′ ends. This modification prevents
tailing and trimming. The ability of the ZSWIM8
complex to carry out TDMD in a tailing and
trimming–independent manner raises the pos-
sibility that these small RNAs may also be
regulated by a TDMD-like mechanism involv-
ing proteasome-dependent turnover.▪

RESEARCH

Han et al., Science 370, 1432 (2020) 18 December 2020 1 of 1

The list of author affiliations is available in the full article online.
*Corresponding author. Email: joshua.mendell@
utsouthwestern.edu
Cite this article as J. Han et al., Science 370, eabc9546
(2020). DOI: 10.1126/science.abc9546

READ THE FULL ARTICLE AT
https://doi.org/10.1126/science.abc9546

The ZSWIM8 ubiquitin ligase mediates target-directed microRNA degradation. Canonical miRNA-
mediated silencing, primarily involving base pairing of the miRNA seed sequence, results in target repression
and recycling of the AGO–miRNA complex. In contrast, extensive miRNA–target complementarity can trigger
recognition by the ZSWIM8 ubiquitin ligase, resulting in proteasomal turnover of the miRNA-containing
complex and miRNA decay, with release of the target for additional rounds of TDMD. m7G, 7-
methylguanosine; An, polyadenosine tail; E2, ubiquitin-conjugating enzyme; Ub, ubiquitin.
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MicroRNAs (miRNAs) act in concert with Argonaute (AGO) proteins to repress target messenger RNAs. After
AGO loading, miRNAs generally exhibit slow turnover. An important exception occurs when miRNAs encounter
highly complementary targets, which can trigger a process called target-directed miRNA degradation
(TDMD). During TDMD, miRNAs undergo tailing and trimming, suggesting that this is an important step
in the decay mechanism. We identified a cullin-RING ubiquitin ligase (CRL), containing the substrate
adaptor ZSWIM8, that mediates TDMD. The ZSWIM8 CRL interacts with AGO proteins, promotes TDMD in
a tailing and trimming–independent manner, and regulates miRNA expression in multiple cell types.
These findings suggest a model in which the ZSWIM8 ubiquitin ligase mediates TDMD by directing
proteasomal decay of miRNA-containing complexes engaged with highly complementary targets.

M
icroRNAs (miRNAs) are ~22 nucleo-
tide noncoding RNAs that posttran-
scriptionally repress mRNAs (1). After
processing, miRNAs are loaded into
a family of related Argonaute (AGO)

proteins, which they direct to sites of imper-
fect complementarity in target mRNAs (2). Base
pairing of the miRNA 5′ end, referred to as the
seed sequence, is most critical for a productive
silencing interaction with a target. More than
two decades of study have established the es-
sential biological functions of miRNAs across
diverse metazoan species. Consistent with the
broad importance of these regulatory RNAs in
development and physiology, elaborate mech-
anisms that regulate rates of miRNA tran-
scription and biogenesis have been elucidated
(3). However, much less is known about the
mechanisms and effector proteins that carry
out regulatedmiRNA turnover, despite the long-
known existence of miRNAs with unusually
short half-lives (4–6).
Once loaded into an AGO protein, miRNAs

generally exhibit slow turnover kinetics (7).
Nevertheless, extended base pairing with a tar-
get can induce accelerated decay of miRNAs
through a process called target-directed miRNA
degradation (TDMD) (8–12). For example, ex-
ogenously introduced target mRNAs trigger
decay ofmiRNAswith extensive complementar-
ity in Drosophila (11). Similarly, aHerpesvirus

saimiri noncoding RNA that contains a highly
complementary binding site formiR-27 directs
decay of this miRNA during viral infection
(12). Additional viral transcripts that promote
decay of host miRNAs, as well as endogenous
human and mouse transcripts that induce
miRNA degradation, have been identified
(8–10, 13–15). In addition to base pairing with
the seed sequence at themiRNA5′ end, TDMD-
inducing miRNA–target interactions are char-
acterized by complementarity between the 3′
end of the miRNA and the target, as well as
central mismatches. This extensive pairing
exposes the 3′ end of the miRNA, which is nor-
mally buried in the PAZ domain of AGO (16).
The solvent-exposedmiRNA3′ end undergoes a
process knownas tailingand trimming, inwhich
terminal nucleotidyltransferases add nontem-
plated nucleotides, while exonucleases remove
3′-terminal nucleotides. Although tailing and
trimming has been proposed to play an impor-
tant role in the TDMD pathway (8, 11, 17, 18),
recent data suggest that addition of non-
templated nucleotides to the miRNA 3′ end is
dispensable for decay of certain miRNAs by
this mechanism (10, 19). Thus, it remains un-
resolved whether tailed and trimmedmiRNAs
are essential intermediates in the pathway or
side-products formed as a consequence of the
distinctive TDMD miRNA–target interaction.
Moreover, trans-acting factors that mediate
miRNA decay through TDMD have not been
identified. In this study, we used a genome-
wide CRISPR screening strategy to identify
the machinery that carries out TDMD and ad-
vance our molecular understanding of this im-
portant mechanism of miRNA regulation.

A genome-wide CRISPR-Cas9 screen
for TDMD factors

Weapplied a genome-wideCRISPR-Cas9 screen-
ing strategy—previously used by our labora-

tory to identify miRNA regulators (20)—to
probe the well-established CYRANO-miR-7
TDMDpair (10). CYRANO is a highly conserved
long noncoding RNA that harbors a single
site with extensive complementarity to miR-7
(Fig. 1A) that has been shown to trigger robust
decay of this miRNA. A fluorescent reporter
cell line that monitors miR-7 activity was gen-
erated by expressing an enhanced green fluo-
rescent protein (EGFP) transcript with eight
perfectly complementary miR-7 binding sites
in its 3′ untranslated region (3′UTR;EGFPmiR-7)
in the human cell line K562, which endoge-
nously expressed bothCYRANO andmiR-7 (10)
(Fig. 1B). Validating the ability of this reporter
to read out the efficiency of TDMD, CYRANO
loss of function resulted in robust repression
of EGFP fluorescence, which mirrored the ex-
pected increase in miR-7 abundance.
A genome-wide CRISPR-Cas9 screen was

performed by infecting EGFPmiR-7 reporter
cells with a lentiviral CRISPR library (21)
(Fig. 1C). To discern hits in the screen that reg-
ulatemiR-7 in a TDMD-independentmanner, a
parallel screen was conducted in CYRANO–/–

EGFPmiR-7 reporter cells. After introduction of
the library, fluorescence-activated cell sorting
(FACS) was used to collect cells with reduced
fluorescence, thereby enriching for single guide
RNAs (sgRNAs) targeting candidate miR-7 reg-
ulators. Genes encoding known negative regu-
lators of miR-7, including QKI (22) and ILF2
(23), scored as significant hits in bothCYRANO+/+

and CYRANO–/– cells, supporting the sensitivity
of this screening approach (Fig. 1D and table S1).
Among the CYRANO-dependent hits, several

components of cullin-RINGubiquitin ligase (CRL)
complexes were among the most highly ranked
(ZSWIM8,ELOB,ELOC,CUL3,RBX1, andARIH1)
(Fig. 1D). CRLs, the largest superfamily of E3
ubiquitin ligases, are composed of cullin scaffold
proteins and associated factors that bring to-
gether E2 ubiquitin-conjugating enzymes and
substrates for ubiquitylation (24). ZSWIM8was
previously reported to function as a substrate
adaptor of a CRL containing elongins B and C
(ELOB and ELOC) (25), and a high-throughput
proteomics study identified ZSWIM8 as an in-
teracting partner of CUL3 (26). RBX1 andARIH1
are important CRL accessory proteins (27, 28).
Consistent with the requirement for conjuga-
tionof aubiquitin-likemodifier,NEDD8, for CRL
activity (29), several genes in the NEDDylation
pathwaywere also highly ranked (Fig. 1D). Thus,
we hypothesized that the screen uncovered the
major components of an E3 ubiquitin ligase that
mediates TDMD (Fig. 1E).

ZSWIM8 E3 ubiquitin ligase components
are required for TDMD

Consistentwith the results of the screen, knock-
out of each individual component of the putative
ZSWIM8 ubiquitin ligase led to measurable re-
pressionof theEGFPmiR-7 reporter inCYRANO+/+,
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but not CYRANO–/–, cells (Fig. 2A and fig. S1, A
to C). ELOB and ELOC are known to associate
with CUL2 and CUL5 (30). However, CUL2
and CUL5 were not recovered in the screen,
and knockout of CUL2 and/or CUL5 did not
repress theEGFPmiR-7 reporter (fig. S1, D andE).
In contrast, CUL3 knockout strongly repressed
the reporter, suggesting that the ZSWIM8 E3
ligase represents aCRL inwhichZSWIM8-ELOB-
ELOC serve as substrate adaptors for CUL3.

Northern blotting confirmed that depletion
of individual ZSWIM8 ubiquitin ligase com-
ponents increased miR-7 levels as much as
40-fold in CYRANO+/+ K562 cells but had no
effect on miR-7 abundance in CYRANO–/– cells
(Fig. 2B). Similar effects were seen in murine
embryonic fibroblasts (MEFs), another cell
line with active Cyrano-directed decay of miR-7
(7) (fig. S2A). Expression of V5-ZSWIM8 res-
cued TDMD of miR-7 in ZSWIM8–/– K562 cells

(fig. S2B). Effects seen upon knockout of the
ZSWIM8 complex were not attributable to de-
creased CYRANO levels (fig. S3A) or increased
biogenesis of miR-7, because pre-miR-7 and
miR-7-3p (the miR-7 passenger strand) were not
up-regulated in knockout cells (fig. S3, B and C).
Northern blot analysis of miR-7 with single-

nucleotide resolution revealed a CYRANO-
dependent accumulation of tailed and trimmed
isoforms in cells lacking the ZSWIM8 CRL
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Fig. 1. A genome-wide CRISPR-Cas9 screen for TDMD factors reveals a cullin-
RING E3 ubiquitin ligase. (A) Location of the miR-7 binding site in CYRANO (also
known as OIP5-AS). University of California Santa Cruz Genome Browser PhyloP
and PhastCons tracks shown (hg38). (B) Loss of CYRANO in the K562 EGFPmiR-7

reporter cell line results in reduced fluorescence, as shown by flow cytometry
(left), and increased miR-7 abundance, as shown by Northern blotting (right).

(C) Overview of the CRISPR-Cas9 screen. LTR, long terminal repeat. (D) Genes
plotted by MAGeCK rank in screens performed in CYRANO+/+ and CYRANO–/–

EGFPmiR-7 cells. Screens were conducted in two independent clones per genotype.
CRL components (red), NEDDylation factors (blue), and known miR-7 regulators
(green) highlighted. (E) Proposed components of the ZSWIM8 cullin-RING ubiquitin
ligase. B, elongin B; C, elongin C; E2, ubiquitin-conjugating enzyme; Ub, ubiquitin.
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Fig. 2. ZSWIM8 ubiquitin ligase components are essential for TDMD. (A) Flow
cytometry analysis of EGFP expression in CYRANO+/+ K562 EGFPmiR-7 cells
after lentiviral expression of Cas9 and sgRNAs targeting the indicated genes.
(B) Northern blot analysis of miRNA expression in CYRANO+/+ and CYRANO–/–

K562 cells after expression of sgRNAs targeting ZSWIM8 CRL components.
(C) Schematic of reprogrammed mCherry-NREP transcript (NREP_29a/b) and its

predicted base pairing with miR-29a (upper) and miR-29b (lower). (D) Predicted
base pairing of the mutant NREP transcript with seed binding only (NREP_seed)
with miR-29a and miR-29b. (E) Northern blot analysis of miRNA expression in
HCT116 cells expressing NREP transcripts and the indicated sgRNAs. n = 3 biological
replicates for Northern blot and flow cytometry experiments (representative
data shown).
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(Fig. 2B, long gel). Small RNA sequencing fur-
ther documented an increase in miR-7 tailing
and trimming in ZSWIM8–/– cells and, as re-
ported previously (10), a loss of tailing and
trimming ofmiR-7 inCYRANO–/– cells (fig. S4).
These results agree with prior data indicating
that engagement of TDMD-inducing targets
stimulatesmiRNA tailing and trimming (11, 16).
However, these data also demonstrate that tail-
ing and trimming is not sufficient for TDMD,
and additional steps are required to complete a
cycle ofmiRNAdegradation via thismechanism.

The ZSWIM8 ubiquitin ligase mediates
TDMD of miR-29

We next tested whether the ZSWIM8 ubiquitin
ligase functions specifically in TDMD induced
byCYRANO, or whether it is required for TDMD
stimulated by other targets. Nrep is a protein-
coding gene that harbors a miR-29b binding
site in its 3′UTRthat triggersdecayof thismiRNA
in mouse cerebellum (8). To study TDMDme-
diated by this transcript, we cloned the 3′UTR
of human NREP downstream ofmCherry. Ad-
ditionally, wemutated themiR-29 binding site
to increase the 3′ complementarity to miR-29a
(NREP_29a/b) (Fig. 2C), which is more highly
expressed than miR-29b in HCT116, the cell
line used to test this construct owing to its low
endogenous NREP expression (20) and ame-
nability to genome editing. Expression of this
transcript resulted in down-regulation of both

miR-29a andmiR-29b compared with cells ex-
pressing a mutant NREP transcript with com-
plementarity to themiR-29seedonly (NREP_seed)
(Fig. 2,C toE, and fig. S5A).DepletionofZSWIM8
CRL components stabilizedmiR-29a andmiR-
29b in NREP_29a/b-expressing cells (Fig. 2E
and fig. S5A) without decreasing expression of
themCherry-NREP_29a/b transcript (fig. S5B)
or increasing expression of the corresponding
pre-miRNAs or passenger strands (fig. S5, A,
D, and E). In addition,NREP_29a/b stimulated
tailing ofmiR-29a andmiR-29b, and thesemodi-
fied species further accumulated in cells with
knockout of ZSWIM8 complex components
(Fig. 2E), reinforcing our previous conclusion
that 3′miRNAmodification is not sufficient to
trigger miRNA decay. Notably, CYRANO and
miR-7 are expressed in HCT116 cells, and loss
of ZSWIM8 CRL components also stabilized
miR-7, but not pre-miR-7 or themiR-7 passenger
strand, in this context (Fig. 2E and fig. S5, A,
C, and F). The requirement for the ZSWIM8
ubiquitin ligase in TDMD induced by two un-
related targets in different cell lines suggests
that it functions broadly in this pathway.

The ZSWIM8 CRL interacts with AGO2
and requires proteasome activity for TDMD

Consistent with the genetic requirement for
ZSWIM8, ELOB, ELOC, and CUL3 in TDMD,
immunoprecipitation of V5-ZSWIM8 demon-
strated that these factors form an interacting

complex (Fig. 3A). Notably, AGO2 was detect-
able in this complex, providing a direct link to
the miRNA pathway. To further confirm the
interaction of the ZSWIM8 complexwith AGO2,
we used a proximity labeling assay, in which
an enhanced version of biotin ligase, TurboID
(TbID), was fused to the C terminus of ZSWIM8
(31). Biotinylation of AGO2 by V5-ZSWIM8-TbID
was clearly detectable in this system (Fig. 3B).
These data suggest a model in which the

ZSWIM8 ubiquitin ligase promotes degrada-
tion of AGO proteins engaged in a TDMD in-
teraction, leading to release and eventual decay
of the targeted miRNA. In support of this mod-
el, inhibition of proteasome-mediated, but not
lysosome-mediated, decay stabilized miRNAs
undergoing TDMD in a ZSWIM8-dependent
manner (Fig. 3C). Moreover, because conju-
gation of the ubiquitin-like modifier NEDD8
to CRLs is necessary for their ubiquitin trans-
fer activity (29), the recovery of several essen-
tial NEDDylation factors as significant hits in
the CRISPR screen (Fig. 1D) further supported
a requirement for ubiquitin transfer in the
TDMD mechanism. We confirmed this con-
clusion by treating with a NEDDylation in-
hibitor, which abrogated TDMD (Fig. 3D).

Surface-exposed lysines in AGO2 are required
for TDMD

Our model, in which the ZSWIM8 ubiquitin
ligase promotes degradation of AGO proteins
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Fig. 3. The ZSWIM8 ubiquitin
ligase interacts with AGO2 and
is required for proteasome-
dependent miRNA turnover.
(A) Coimmunoprecipitation
of V5-ZSWIM8 with CRL com-
ponents and AGO2. (B) Western
blot analysis of streptavidin
pull-downs from cells expressing
V5-TbID or V5-ZSWIM8-TbID.
(C and D) Northern blot analysis
of K562 cells of the indicated
genotypes after 24 or 48 hours
of treatment with lysosome
inhibitor bafilomycin (200 nM)
or proteasome inhibitor bortezomib
(2 mM) (C) or NEDDylation
inhibitor MLN4924 (5 mM) (D).
n = 3 biological replicates for all
experiments (representative
results shown).
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engaged with TDMD-inducing targets, pre-
dicts that specific lysines, which serve as accep-
tors for ubiquitin modification, in AGO should
be required for TDMD. To pinpoint such resi-
dues, we first identified 25 surface-exposed
lysines in human AGO2 that are conserved
among all four human AGO proteins as well as
in Drosophila Ago1 and Caenorhabditis elegans
Alg-1 (Fig. 4A). Reconstitution of AGO2–/– K562
EGFPmiR-7 reporter cells with wild-type AGO2
or an AGO2 mutant with all 25 lysine residues
simultaneously mutated to arginine (AGO2KR25)
equivalently repressed the EGFP reporter
transcript, demonstrating that these residues
are not essential for target transcript repres-
sion (fig. S6A). Furthermore, these AGO2 sub-
stitutions had no effect on the interaction with
ZSWIM8 (fig. S6B). miR-7 was partially sta-
bilized in AGO2–/– K562 cells reconstituted
with AGO2KR25, suggesting that this mutant
may be resistant to TDMD (fig. S6C). We spec-
ulated that the presence of endogenous AGO1,
AGO3, and AGO4 in these cells may have pre-
vented complete abrogation of TDMD upon

expression of mutant AGO2. To circumvent this
issue, we introduced AGO2KR25 into previously
described HCT116 AGO1/2/3 triple-knockout
cells (AGO4 is not detectably expressed in
this cell line) (32). In these cells, expression of
AGO2KR25 stabilized miR-7 to an extent compar-
able to the level associated with loss of ZSWIM8,
and no further stabilization was observed upon
ZSWIM8 knockout (Fig. 4, B and C, and fig. S6,
D to G). Thus, conserved, surface-exposed ly-
sines in AGO2 are necessary for TDMD.
To identify the specific lysines that are re-

quired for TDMD, we mutated each of the 25
lysines to arginine individually or in pairs and
tested their effects on miR-7 levels in AGO1/2/3
triple knockout cells (fig. S6H). While several
individual mutants modestly increased miR-7
abundance, TDMDwas strongly impaired upon
mutation of K493 (Fig. 4D and fig. S6H). We
confirmed that the AGO2K493R mutant retained
the ability to silence the EGFPmiR-7 reporter (fig.
S6A) and interact with ZSWIM8 (fig. S6B).
Thus, K493 of human AGO2 plays a critical role
in TDMD and may be an important site of mod-

ification by the ZSWIM8 CRL. Ubiquitylation
of AGO2 K493, and the homologous lysine
residues in human AGO1 (K491), AGO3 (K494),
and AGO4 (K485), has been detected in pro-
teomic surveys of the ubiquitylation landscape
in human cells (33–36), further supporting this
conclusion.

Tailing and trimming is not required for TDMD
mediated by the ZSWIM8 ubiquitin ligase

The accumulation of tailed and trimmed in-
termediates of miRNAs engaged with TDMD
targets in ZSWIM8 knockout cells (Fig. 2, B and
E, and fig. S4) demonstrated that 3′ miRNA
modification is not sufficient to trigger degra-
dation. It remained possible that 3′-modified
miRNAs are essential intermediates in the path-
way, for example, by serving as a signal for re-
cruitment of the ZSWIM8 complex. To determine
whether tailing and trimming is necessary for
TDMD, we synthesized miR-7 duplexes with
or without a 3′-terminal 2'-O-methyl group that
blocks 3′ modification (11). Duplexes were in-
troduced into EGFPmiR-7 reporter cells with
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Fig. 4. Surface-exposed lysines in AGO2 are required for TDMD. (A) Structure
of human AGO2 engaged with a TDMD-inducing target (Protein Data Bank ID 6NIT)
(16), with positions of mutated surface-exposed lysines highlighted in cyan or
red (K493). (B) Northern blot of the indicated miRNAs in HCT116 AGO1/2/3−/− cells
reconstituted with wild-type FLAG-HA-tagged AGO2 (FH-AGO2) or FH-AGO2KR25.
(C) qRT-PCR analysis of miR-7 levels (normalized to miR-16 levels) in AGO1/2/3−/−

cells reconstituted with the indicated FH-AGO2 constructs, with or without knockout of
ZSWIM8. Mean ± SD shown. **P < 0.01; Student’s t test. (D) Northern blot of the
indicated miRNAs in AGO1/2/3−/− cells reconstituted with wild-type or mutant
FH-AGO2. Mutants shown in this panel exhibited a statistically significant increase
in miR-7 abundance in qRT-PCR experiments (see fig. S6H). n = 3 biological
replicates for all experiments (representative Northern blots shown).
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deletion of themiR-7-1 locus, the major source
of endogenous miR-7 in this cell line (fig. S7A).
miR-7 lacking a 2'-O-methyl group initially re-
pressed the EGFPmiR-7 reporter, but fluores-
cence was recovered over time (fig. S7B, left).
Derepression of the reporter during this time-
course was CYRANO- and ZSWIM8-dependent,
indicating that transfected miR-7 was under-
going TDMD. The 2'-O-methylated miR-7 duplex
behaved identically in these assays (fig. S7B,
right), suggesting that 3′ modification is dis-
pensable for TDMD. This conclusion was fur-
ther substantiated by immunoprecipitating
AGO2 and directly examining the fate of trans-
fected AGO2-loaded miR-7. Unmodified miR-7
was stabilized in CYRANO–/– and ZSWIM8–/–

cells and tailed species accumulated upon loss
of ZSWIM8 (Fig. 5, left). Despite its inability to
undergo tailing and trimming, 2′-O-methylated
miR-7 also decayed with similar kinetics in a
CYRANO- and ZSWIM8-dependent manner (Fig.
5, right). Thus, 3′ miRNA modification is not
an essential step in the degradation of miR-7
by the TDMD pathway.

The ZSWIM8 complex regulates miRNA
expression in multiple cell types

The discovery of the ZSWIM8 ubiquitin ligase
complex provided an opportunity to identify
additional substrates of the TDMD pathway.
As reported previously (10), CYRANO loss of
function in K562 cells led to a highly specific
increase in miR-7 expression (Fig. 6). Loss of
ZSWIM8 in this cell line, however, resulted in
the increased expression of several additional
miRNAs, without an increase in correspond-

ing passenger strands, which is most consistent
with regulation of miRNA stability after AGO
loading. Similarly, ZSWIM8 loss of function in
HEK293T cells and MEFs resulted in accumu-
lation ofmiR-7 and several othermiRNAswith-
out associated passenger strand up-regulation.
Together, these data suggest a broad role for the
TDMDpathway in shaping the steady-state abun-
dance of the miRNA pool in diverse cell types.

Discussion

Although TDMD was discovered more than
10 years ago, the molecular machinery that is
responsible for miRNA decay through this path-
way has remained elusive. Here we describe
the application of an unbiased genetic screen-
ing approach to interrogate the mechanism
of TDMD, revealing the ZSWIM8 cullin-RING
ubiquitin ligase as an essential mediator of this
process. This discovery represents an impor-
tant step toward resolving the molecular basis
of miRNA turnover through TDMD and pro-
vides new opportunities to study the broad
scope and biological role of this mechanism
of miRNA regulation.
Base pairing of a miRNA with a TDMD-

inducing transcript promotes broad struc-
tural rearrangements of humanAGO2, including
opening of the central cleft and release of the
miRNA 3′ end from the PAZ domain (16). Our
data suggest a model in which the ZSWIM8
CRL is able to specifically ubiquitylate AGO in
this conformation, possibly along with other
associated proteins, leading to the proteaso-
mal degradation of themiRNA-containing com-
plex and release of the miRNA for subsequent

decay by cytoplasmic ribonucleases (Fig. 7).
Loss of function of components of the ZSWIM8
complex did not result in a consistent increase
in expression of TDMD-inducing transcripts. In
keeping with these data, loss of miR-7 in mouse
brain did not cause up-regulation of Cyrano,
despite an active TDMD interaction between
these RNAs in this setting (10). Likewise, syn-
theticmiRNAtargets that induced robustTDMD
in rodent primary neuronal cultures were re-
sistant to miRNA-mediated decay (37). To-
gether, these findings suggest that the ZSWIM8
CRL does not induce decay of the target RNA
that triggers TDMD. Instead, recognition of the
miRNA-containing complex engaged in a TDMD
interaction likely results in target release and
subsequent recycling for additional rounds of
miRNA turnover.
Although engagement of a miRNA with a

TDMD-inducing target is clearly associated
with the addition of nontemplated nucleotides
to the miRNA 3′ end and 3′-to-5′ shortening
of the miRNA, a process known as tailing and
trimming, there has remained a lack of con-
sensus regarding whether this is an essential
step in the TDMD mechanism. The data re-
ported here demonstrated that tailing and
trimming of miRNAs is not essential for TDMD
mediated by the ZSWIM8 complex. Neverthe-
less, it remains possible that tailing and trim-
ming may regulate the TDMD pathway or
influence its efficiency. For example, 3′ tail-
ing can recruit 3′-to-5′ exonucleases such as
DIS3L2 (17, 18), which could assist in disposal
of miRNAs after proteasomal targeting by the
ZSWIM8 CRL. Tailing and trimming might
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Fig. 5. miRNA tailing and
trimming is not essential
for TDMD. Northern and
Western blot analyses of
AGO2-loaded miRNAs
(miR-7 and miR-16) and
AGO2, respectively, after
transfection of the indicated
miR-7 duplexes into miR-7-1–/–

K562 cells and immuno-
precipitation (IP) of AGO2 at
successive time points. miR-7
levels were quantified and
normalized to miR-16 (bottom
panels). Results shown are
representative of biological
duplicate experiments.
WT, wild type.
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also destabilize miRNA–target interactions, fa-
cilitating release of the target to enable it to
participate in additional rounds of TDMD.
Notably, miRNAs in plants, as well as short-
interfering RNAs (siRNAs) and piwi-interacting
RNAs (piRNAs) in flies and other species, are
naturally 2'-O-methylated at their 3′ ends
(38–40). This modification prevents tailing and
trimming when these RNAs engage targets
with extensive complementarity, which may
be important for maintaining their activity
and on-target specificity. Our results demon-
strating that the ZSWIM8 complex carries out
TDMD in a tailing and trimming–independent
manner raises the possibility that these classes
of silencing RNAs may also be subjected to a

TDMD-like mechanism under some condi-
tions. In this scenario, distinct ubiquitin ligase
complexes may exist for different classes of
small RNAs.
Our small RNA sequencing experiments

suggested that the CYRANO-miR-7 pair may
represent an exceptionally efficient example
of TDMD, while the levels of many miRNAs
may be fine-tuned by this decay pathway in
diverse cell types. The determinants of TDMD
efficiency remain to be established and likely
include not only the characteristics of the
miRNA–TDMD target base-pairing interac-
tion but also potentially other sequence ele-
ments within a TDMD-inducing transcript
that are distinct from the miRNA binding

site itself. For example, the miR-7 binding site
in Cyrano triggers TDMD much more effi-
ciently in the context of the endogenous Cyrano
transcript compared with expression of the
site in a heterologous construct (10). Simi-
larly, a sequence motif outside of the miRNA
binding site is required for TDMD of miR-17
by a human cytomegalovirus-encoded tran-
script (13). The results reported here suggest
that one mechanism through which a TDMD-
promoting sequence element could act is by
directly or indirectly recruiting the ZSWIM8
ubiquitin ligase, thereby leading to enhanced
recognition and/or ubiquitylation of the as-
sociated miRNA-containing complex. Inves-
tigation of this possibility, along with the
further characterization of TDMD-enhancing
sequences, may eventually allow improved pre-
diction of TDMD-inducing targets.
ZSWIM8 homologs are present in distant-

ly related species, including C. elegans and
Drosophila (25), suggesting a conservedmech-
anism of miRNA decay. Although TDMD has
been demonstrated to robustly regulate spe-
cific miRNAs in mammalian tissues in vivo
(8, 10), and disruption of a specific TDMD-
inducing target–miRNA pair results in be-
havioral abnormalities in mice (8), the broad
role of the TDMD pathway in metazoan de-
velopment and physiology remains to be de-
termined. The discovery of the machinery that
performs TDMD sets the stage for addressing
this question in diverse model systems.

Materials and methods
Cell culture

Cell lines were obtained from American Type
Culture Collection (ATCC). K562 cells were cul-
tured inRPMImedia (Invitrogen) supplemented
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Fig. 7. Proposed model of ZSWIM8 ubiquitin ligase activity in TDMD. The schematic depicts the ZSWIM8
complex ubiquitylating AGO, and possibly other associated proteins, when they are engaged with a TDMD target,
leading to proteasomal degradation of the miRNA-containing complex. Release of the miRNA may lead to its
degradation by cytoplasmic RNases, while the target transcript is recycled for another round of TDMD.

Fig. 6. The ZSWIM8 ubiquitin ligase complex regulates miRNA expression in diverse cell lines. Small RNA sequencing of CYRANO–/– K562, ZSWIM8–/– K562,
ZSWIM8–/– HEK293T, or ZSWIM8–/– MEFs, along with associated wild-type cells (n = 3 biological replicates per genotype). miR-7-5p is the only significantly up-
regulated miRNA in CYRANO–/– cells, whereas additional up-regulated miRNAs were observed in ZSWIM8–/– cells without an increase in the corresponding passenger
strands. FC, fold change; CPM, counts per million.
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with 10% fetal bovine serum (FBS) andAntibiotic-
Antimycotic solution. HCT116, HEK293T, and
MEFs were cultured in Dulbecco’s modified
Eagle’s medium (Invitrogen) supplemented
with 10% FBS and Antibiotic-Antimycotic solu-
tion. All cells used in this study were tested for
mycoplasma contamination and confirmed
to be negative.

Generation of K562 EGFPmiR-7 reporter cell lines

Amurine stem cell virus (MSCV)–EGFP plas-
midwith eight perfectly complementarymiR-7-
binding sites was constructed by iterative
cloning of a synthetic DNA oligo with two
miR-7 binding sites (sequence provided in
table S2) into the MSCV-EGFP backbone used
previously by our laboratory (20). Retrovirus
was generated using the plasmid, and recipient
K562 cells were transduced by spinoculation
with 8 mg/ml polybrene (EMD Millipore) for
1 hour at a multiplicity of infection (MOI) of
~0.2. EGFP-positive cells were enriched by FACS
followedbyderivationof clonal lines. To generate
K562 CYRANO–/– EGFPmiR-7, two independent
K562 EGFPmiR-7 clones were cotransfected with
plasmids (px458; Addgene #48138) expressing
Cas9 and two different sgRNAs targeting the
fourth exon of CYRANO flanking the miR-7
binding site (sequences provided in table S2).
Clonal cell lines were derived and screened
for the desired CYRANO deletion.

Generation of HCT116 NREP_29a/b
and NREP_seed cell lines

mCherrywas polymerase chain reaction (PCR)
amplified from pCAGImC plasmid (Addgene
#92015) (20). The 3′UTR of NREP was PCR
amplified fromhuman genomicDNA. The PCR
fragments were cloned into pLJM1 (Addgene
#19319) (41), after removal of the EGFP and
puromycin resistance genes, using NEBuilder
HiFi DNAAssemblyMasterMix (New England
Biolabs). TheQuikChange Lightning Site-Directed
Mutagenesis kit (Agilent)was thenused tomodify
the miR-29 binding site to produce pLJM1-
mCherry-NREP_29a/b and pLJM1-mCherry-
NREP_seed. All oligonucleotide sequences are
provided in table S2. HCT116 cells were trans-
ducedwith lentivirus generated from these plas-
mids followed by enrichment of mCherry-positive
cells by FACS and derivation of clonal lines.

CRISPR-Cas9–mediated gene knockout

Knockout pools were generated by transduc-
ing cells with lentiCRISPR_v2 vectors encoding
Cas9, sgRNAs, and puromycin- or hygromycin-
resistance genes, as describedpreviously (Addgene
#52961 and #91977) (20). Transduced cells were
selected inmedia containing 0.75 to 1 mg/ml of
puromycin or 800 to 1000 mg/ml hygromycin
for 7 to 10 days before further analysis. To gen-
erate clonalZSWIM8–/–K562 cell lines, cellswere
transfected with px458 expressing GFP, Cas9,
and sgRNAs targeting ZSWIM8. Twenty-four

hours after transfection, cells with the highest
10% of GFP expression were enriched by FACS,
followed by generation of clonal cell lines which
were screened for indels at the targeted locus.
sgRNA sequences are provided in table S2.

Genome-wide CRISPR-Cas9 screening
Transduction

The Brunello lentiCRISPR_v2 library (Addgene
# 73179) (21) was used for genome-wide CRISPR-
Cas9 screens. Two biological replicates were
performed for each screen. CYRANO+/+ and
CYRANO–/– K562 EGFPmiR-7 cells were spun
down, resuspended in fresh media with 8 mg/ml
polybrene (EMD Millipore), and mixed with
the lentiviral library at a MOI of ~0.3. Cells
were then plated in six well plates and spun
at 1000g for 2 hours at room temperature
followed by resuspension in fresh media. Be-
ginning 48 hours after transduction, cells were
selected in 0.75 mg/ml puromycin and grown
for 10 more days before FACS. To achieve
~1000× coverage of the CRISPR library, ~2.6 ×
108 cells were transduced, and at least 8 × 107

cells were maintained after puromycin selection.

Cell sorting

Cells were washed with phosphate-buffered
saline (PBS) and resuspended in PBS supple-
mented with 3% FBS and 2 mMEDTA at 1.2 ×
107 cells/ml. The 0.5% dimmest cells from each
cell line were sorted until 4 × 105 sorted cells
were obtained per replicate. Cells were pel-
leted and frozen at −80°C for genomic DNA
extraction. At least 8 × 107 unsorted cells per
replicate were also collected and frozen.

Genomic DNA extraction

Genomic DNA (gDNA) from unsorted cells was
extracted using the MasterPure Complete DNA
PurificationKit (Lucigen), and gDNA fromsorted
cells was extracted using a previously described
phenol-chloroform extraction method (20).

Next-generation sequencing

For sequencing library prep, two sequential
rounds of PCRwere performedusingHerculase
II Fusion DNA polymerase (Agilent) as de-
scribed previously (20). For the first PCR,
6.6 mg of gDNA from unsorted cells was used
per 100 ml PCR reaction, and a total of 80 re-
actions were performed per replicate to main-
tain 1000× coverage. For sorted cells, gDNA
was divided into two 100-ml PCR reactions.
Eighteen cycles were performed for PCR 1.
After pooling PCR 1 reactions, 5 ml was used
for the second PCR (9 to 11 cycles) with primers
containing barcodes and adaptors for Illumina
sequencing. Agencourt AMPure XP beads
(Beckman Coulter Life Sciences) were used to
purify amplicons, which were sequenced on
an IlluminaNextSeq500with 75 base pair single-
end reads. Primer sequences are provided in
table S2.

Sequencing data analysis
Approximately 4 × 107 sequencing reads were
obtained from each replicate. Model-based
Analysis of Genome-wideCRISPR/Cas9Knock-
out (MAGeCK) was used to identify genes
targeted by enriched sgRNAs in sorted pop-
ulations (42).

Northern blot analysis

Total RNAwas isolatedusingTrizol (Invitrogen).
RNA (10 to 15 mg) was separated on 15% TBE-
Urea polyacrylamide gels. RNAs were trans-
ferred to BrightStar-Plus nylon membranes
(Invitrogen) followed by ultraviolet cross-linking
at 120mJ/cm2.Membraneswere prehybridized
with ULTRAhyb-Oligo hybridization buffer
(Invitrogen) followed by probing with 32P end-
labeled oligonucleotide probes. A locked nu-
cleic acid probe was used to detect miR-7 and
miR-29b while standard DNA oligonucleotide
probes were used for other miRNAs. Probe
sequences are provided in table S2. Densitom-
etry was performed using Quantity One 1-D
Analysis software (Bio-Rad), and miR-16 or
U6 small nuclear RNA (snRNA) was used as
a normalization control.

Site-directed mutagenesis and lentiviral
expression of AGO2

To generate lysine to arginine substitutionmu-
tants of AGO2, site-directed mutagenesis of
AGO2 was conducted with the QuikChange
Lightning Site-Directed Mutagenesis kit (Agi-
lent), using pLJM1-FH-AGO2 plasmid (20) as a
template. Amino acid substitutions and mu-
tagenesis primers are listed in table S2. For
AGO2KR25, the mutant gene fragment was syn-
thesized (GENEWIZ) and cloned into pLJM1.
Lentivirus was packaged in HEK293T cells as
described previously (20), and K562 AGO2–/–

or HCT116 AGO1/2/3–/– cells were transduced
with the virus. After infection, cells were se-
lected in media containing puromycin for at
least 5 days before analyses.

Quantitative reverse transcription
(qRT)–PCR assays

cDNA was synthesized using PrimeScript RT
(Clontech) and qRT-PCR was performed with
SYBR Green Master Mix (Applied Biosystems).
TaqMan assays (Applied Biosystems) or miScript
PCR system (Qiagen) were used for cDNA syn-
thesis and detection of miRNAs. miR-16 or U6
snRNA was used as a normalizer for all miRNA
qRT-PCRmeasurements, while GAPDHwas used
for all other qRT-PCR normalization. All exper-
iments were performed in biological triplicates.
P values were calculated using the Student’s
t test. Primer sequences are provided in table S2.

Coimmunoprecipitation (co-IP) assays

ZSWIM8 and V5-ZSWIM8 were PCR-amplified
from a ZSWIM8 cDNA clone (Transomics) and
cloned into a modified AAVS1 hPGK-PuroR-pA
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donor plasmid (Addgene #22072) for CMV
promoter-driven expression (primer sequences
in table S2). For co-IP,HEK293T cells were trans-
fected with the AAVS1-V5-ZSWIM8 or AAVS1-
ZSWIM8 plasmidusingFuGENEHD(Promega).
Forty-eight hours after transfection, cells were
lysed in buffer containing 50 mM Tris-HCl
pH7.5, 100mMNaCl, 1%NP40, and0.1% sodium
deoxycholate. Lysates were cleared by centri-
fugation at 4°C for 10min. Protein GDynabeads
were preincubated with anti-V5 mouse mono-
clonal antibody (Invitrogen) for 1 hour and
added to lysates for overnight rotation at 4°C.
After washing beads with lysis buffer five times,
SDS–polyacrylamide gel electrophoresis (SDS-
PAGE) sample buffer was added before immuno-
blotting. For testing the interaction of ZSWIM8
withAGO2KR25orAGO2K493R,AAVS1-V5-ZSWIM8
and FH-AGO2 plasmids were cotransfected into
HEK293T cells, and immunoprecipitation of
V5-ZSWIM8 was conducted as described above.

TurboID

V5-TurboID-NES_pCDNA3 was a gift from
A. Ting (Addgene plasmid #107169) (31). V5-
TurboID was PCR amplified and cloned into
a modified AAVS1 hPGK-PuroR-pA donor plas-
mid (Addgene #22072) for CMV promoter-
driven expression. V5-ZSWIM8 and TurboID
were separately PCR amplified, and the two
amplicons were cloned into AAVS1 hPGK-
PuroR-pA donor using theNEBuilderHiFiDNA
Assembly Master Mix (New England Biolabs)
(primer sequences in table S2). TurboID plas-
mids were transiently transfected into biotin-
starved HEK293T cells using FuGENE HD
(Promega). Forty-eight hours after transfection,
bafilomycin and bortezomib (Fisher Scientific)
were added to final concentrations of 100 and
10 nM, respectively. After 2 hours, biotin was
added at a final concentration of 500 mM, fol-
lowed by a 2-hour incubation. The cells were
then washed five times with ice-cold PBS to
stop the reaction and then lysed inRIPA (50mM
Tris-HCl, pH 7.5, 150 mM NaCl, 2 mM EDTA,
1% NP-40, 0.5% sodium deoxycholate, and
0.1% SDS) supplemented with a protease in-
hibitor tablet (Roche). After clearing by cen-
trifugation, lysates were rotated overnight
with Dynabeads MyOne Streptavidin T1 mag-
netic beads (Invitrogen) at 4°C. Beads were
washed as follows (1 ml per wash): two times
with RIPA, once with 1MKCl, once with 0.1M
Na2CO3, once with 2 M urea in 10 mM Tris-HCl
pH 8, and twice with RIPA. SDS-PAGE sample
buffer with 2 mM biotin was used to elute pro-
teins from the beads before immunoblotting.

Western blotting and antibodies

NuPAGE 4-12% Bis-Tris protein gels (Thermo
Fisher) were used to separate proteins, which
were transferred to nitrocellulose membranes
using the iBlot Dry Blotting System (Thermo
Fisher). An infrared fluorescent antibody detec-

tion system (LI-COR) was used for protein de-
tection. All antibodies are provided in table S2.

Treatment of cells with bortezomib, bafilomycin,
and MLN4924

Bafilomycin, bortezomib, and MLN4924 were
dissolved in dimethyl sulfoxide (DMSO), and
cells were treated with DMSO alone, 200 nM
bafilomycin, 2mMbortezomib, or 5mMMLN4924
for 24 to 48 hours before harvesting.

miRNA transfection and immunoprecipitation
of AGO2

Approximately 18 × 106 miR-7-1–/–, miR-7-1–/–;
CYRANO–/–, or miR-7-1–/–;ZSWIM8–/– EGFPmiR-7

K562 cells were transfected with synthetic un-
modified miR-7 duplex or 2'-O-methylated
miR-7 duplex (Horizon Discovery) using lipo-
fectamine RNAiMAX reagent (Thermo Fisher)
at a final concentration of 2 nM. Cells (18 ×
106) were harvested each day for AGO2 im-
munoprecipitation, and ~2 × 105 cells were used
for flow cytometry analysis. For AGO2 immuno-
precipitation, cellswere harvested in 500 ml lysis
buffer [25mMTris-HCl (pH. 8.0), 150mMNaCl,
2 mM MgCl2, 0.5% NP-40, and 1 mM dithio-
threitol] supplementedwith a protease inhibitor
tablet (cOmplete, EDTA-free,Roche) and250U/ml
recombinant RNasin Ribonuclease inhibitor
(Promega). Cleared lysates were added to 30 ml
of Protein G Dynabeads that had been prein-
cubatedwith 4.5 mg anti-AGO2 antibody (Sigma,
11A9). After overnight rotation at 4°C, beads
were washedwith lysis buffer five times before
addition of 1 ml Trizol for RNA isolation.

Small RNA-seq

Total RNA was isolated from biological tripli-
cates of each cell line using the miRNeasy Mini
RNA isolation kit (Qiagen) including a DNase I
digestion step to remove genomic DNA. For all
samples exceptK562CYRANO+/+ andCYRANO–/–

cells, library preparation was performed follow-
ing a previously published protocol (43) with the
following modifications. For each sample, 20 mg
of total RNA was combined with 1 ml of 10 nM
spike-in control oligos (Bioneer) before size frac-
tionation on a 15% urea-polyacrylamide gel.
RNAs were ligated to 3′ randomized adaptor
using T4 RNA ligase 2 truncated KQ (NEB)
supplemented with 20% PEG 8000 (NEB) at
25°C overnight. The PCR-amplified cDNA was
gel-purified using an 8% polyacrylamide gel.
Library preparation and next generation se-
quencing for K562 CYRANO+/+ and CYRANO–/–

cellswas performedbyDNALinkusing theNEB
Next Small RNA Library Prep kit for Illumina
(New England Biolabs). Approximately 2 × 107

reads per sample were obtained and the first
18 nucleotides of each read were mapped to
mature miRNA sequences downloaded from
miRbase (miRbase_v22) as described previ-
ously (10, 44). EdgeR was used for differential
expression analysis (45), and only miRNAs with

a mean reads per million > 1 in wild-type cells
were used for subsequent analyses.
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A ubiquitin ligase mediates target-directed microRNA decay independently of
tailing and trimming
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Turning the tables on microRNA decay
MicroRNAs help to regulate many genes in animal cells. Each microRNA associates with an Argonaute (AGO) protein,
forming a complex in which the microRNA pairs with a messenger RNA (mRNA) target and AGO recruits factors that
accelerate mRNA decay. However, for some unusual targets, the reverse occurs: Pairing to the target recruits factors
that accelerate microRNA decay rather than degradation of the mRNA. Working independently, Shi et al. and Han et
al. elucidate the mechanism of this phenomenon. They found that pairing to the unusual targets recruits a ubiquitin
ligase that causes degradation of AGO, thereby exposing the microRNA to cellular nucleases. Mutating the ubiquitin
ligase in diverse animals and cell types deregulates numerous microRNAs, implying that this phenomenon is widely
deployed to sculpt microRNA levels.
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