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MicroRNAs (miRNAs) are ~22 nucleotide noncoding RNAs 
that post-transcriptionally repress messenger RNAs (mRNAs) 
(1). After processing, miRNAs are loaded into a family of re-
lated Argonaute (AGO) proteins, which they direct to sites of 
imperfect complementarity in target mRNAs (2). Base-pair-
ing of the miRNA 5′ end, referred to as the seed sequence, is 
most critical for a productive silencing interaction with a tar-
get. Over two decades of study have established the essential 
biological functions of miRNAs across diverse metazoan spe-
cies. Consistent with the broad importance of these regula-
tory RNAs in development and physiology, elaborate 
mechanisms that regulate rates of miRNA transcription and 
biogenesis have been elucidated (3). However, much less is 
known about the mechanisms and effector proteins that 
carry out regulated miRNA turnover, despite the long-known 
existence of miRNAs with unusually short half-lives (4–6). 

Once loaded into an AGO protein, miRNAs generally ex-
hibit slow turnover kinetics (7). Nevertheless, extended base-
pairing with a target can induce accelerated decay of miR-
NAs, through a process termed target-directed miRNA degra-
dation (TDMD) (8–12). For example, exogenously introduced 
target mRNAs trigger decay of miRNAs with extensive com-
plementarity in Drosophila (11). Similarly, a Herpesvirus 
saimiri noncoding RNA that contains a highly complemen-
tary binding site for miR-27 directs decay of this miRNA dur-
ing viral infection (12). Additional viral transcripts that 
promote decay of host miRNAs, as well as endogenous hu-
man and mouse transcripts that induce miRNA degradation, 
have been identified (8–10, 13–15). In addition to base pairing 

with the seed sequence at the miRNA 5′ end, TDMD-inducing 
miRNA:target interactions are characterized by complemen-
tarity 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 normally buried in the PAZ do-
main of AGO (16). The solvent-exposed miRNA 3′ end under-
goes a process known as tailing and trimming, in which 
terminal nucleotidyl transferases add non-templated nucleo-
tides, while exonucleases remove 3′-terminal nucleotides. Alt-
hough tailing and trimming has been proposed to play an 
important role in the TDMD pathway (8, 11, 17, 18), recent 
data suggest that addition of non-templated nucleotides to 
the miRNA 3′ end is dispensible for decay of certain miRNAs 
by this mechanism (10, 19). Thus, it remains unresolved 
whether tailed and trimmed miRNAs are essential interme-
diates in the pathway or side products formed as a conse-
quence of the distinctive TDMD miRNA:target interaction. 
Moreover, trans-acting factors that mediate miRNA decay 
through TDMD have not been identified. Here we employed 
a genome-wide CRISPR screening strategy to identify the ma-
chinery that carries out TDMD and advance our molecular 
understanding of this important mechanism of miRNA regu-
lation. 
 
A genome-wide CRISPR-Cas9 screen for TDMD factors 
We applied a genome-wide CRISPR-Cas9 screening strategy, 
used previously by our laboratory to identify miRNA regula-
tors (20), to probe the well-established CYRANO-miR-7 
TDMD pair (10). CYRANO is a highly conserved long 
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MicroRNAs (miRNAs) act in concert with Argonaute (AGO) proteins to repress target mRNAs. After AGO 
loading, miRNAs generally exhibit slow turnover. An important exception occurs when miRNAs encounter 
highly complementary targets, which can trigger a process termed target-directed microRNA degradation 
(TDMD). During TDMD, miRNAs undergo tailing and trimming, suggesting that this is an important step in 
the decay mechanism. Here, we identified a cullin-RING ubiquitin ligase (CRL), containing the substrate 
adapter ZSWIM8, that mediated TDMD. The ZSWIM8 CRL interacted with AGO proteins, promoted TDMD in 
a tailing and trimming-independent manner, and regulated 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. 
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noncoding RNA that harbors a single site with extensive com-
plementarity 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 generated by expressing an 
Enhanced Green Fluorescent Protein (EGFP) transcript with 
eight perfectly complementary miR-7 binding sites in its 3′ 
UTR (EGFPmiR-7) in the human cell line K562, which endoge-
nously expressed both CYRANO and miR-7 (10) (Fig. 1B). Val-
idating the ability of this reporter to read-out the efficiency 
of TDMD, CYRANO loss of function resulted in robust repres-
sion of EGFP fluorescence, which mirrored the expected in-
crease in miR-7 abundance. 

A genome-wide CRISPR-Cas9 screen was performed by in-
fecting EGFPmiR-7 reporter cells with a lentiviral CRISPR li-
brary (21) (Fig. 1C). To discern hits in the screen that regulate 
miR-7 in a TDMD-independent manner, a parallel screen was 
conducted in CYRANO–/– EGFPmiR-7 reporter cells. After intro-
duction 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 regulators. Genes encoding known negative 
regulators of miR-7, including QKI (22) and ILF2 (23), scored 
as significant hits in both CYRANO+/+ and CYRANO–/– cells, 
supporting the sensitivity of this screening approach (Fig. 1D 
and table S1). 

Among the CYRANO-dependent hits, several components 
of cullin-RING ubiquitin ligase (CRL) complexes were among 
the most highly ranked (ZSWIM8, ELOB, ELOC, CUL3, RBX1, 
and ARIH1) (Fig. 1D). CRLs, the largest superfamily of E3 
ubiquitin ligases, are composed of cullin scaffold proteins 
and associated factors that bring together E2 ubiquitin-con-
jugating enzymes and substrates for ubiquitylation (24). 
ZSWIM8 was previously reported to function as a substrate 
adaptor of a CRL containing ELOB and ELOC (25), and a 
high-throughput proteomics study identified ZSWIM8 as an 
interacting partner of CUL3 (26). RBX1 and ARIH1 are im-
portant CRL accessory proteins (27, 28). Consistent with the 
requirement for conjugation of a ubiquitin-like modifier, 
NEDD8, for CRL activity (29), several genes in the NEDDyla-
tion pathway were also highly ranked (Fig. 1D). Thus, we hy-
pothesized 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 
Consistent with the results of the screen, knockout of each 
individual component of the putative ZSWIM8 ubiquitin lig-
ase led to measurable repression of the EGFPmiR-7 reporter in 
CYRANO+/+, 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, CUL5, or both did not 

repress the EGFPmiR-7 reporter (fig. S1, D and E). In contrast, 
CUL3 knockout strongly repressed the reporter, suggesting 
that the ZSWIM8 E3 ligase represents a CRL in which 
ZSWIM8-ELOB-ELOC serve as substrate adapters for CUL3. 

Northern blotting confirmed that depletion of individual 
ZSWIM8 ubiquitin ligase components 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 ef-
fects were seen in murine embryonic fibroblasts (MEFs), an-
other cell line with active Cyrano-directed decay of miR-7 (7) 
(fig. S2A). Expression of V5-ZSWIM8 rescued TDMD of miR-
7 in ZSWIM8–/– K562 cells (fig. S2B). Effects seen upon knock-
out of the ZSWIM8 complex were not attributable to de-
creased CYRANO levels (fig. S3A) or increased biogenesis of 
miR-7, since 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 (Fig. 2B, long gel). Small RNA sequencing further docu-
mented an increase in miR-7 tailing and trimming in 
ZSWIM8–/– cells and, as reported previously (10), a loss of tail-
ing and trimming of miR-7 in CYRANO–/– cells (fig. S4). These 
results agree with prior data indicating that engagement of 
TDMD-inducing targets stimulates miRNA tailing and trim-
ming (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 of miRNA degradation 
via this mechanism. 
 
The ZSWIM8 ubiquitin ligase mediates TDMD  
of miR-29 
We next tested whether the ZSWIM8 ubiquitin ligase func-
tions specifically in TDMD induced by CYRANO, or was re-
quired for TDMD stimulated by other targets. Nrep is a 
protein-coding gene that harbors a miR-29b binding site in 
its 3′ UTR that triggers decay of this miRNA in mouse cere-
bellum (8). To study TDMD mediated by this transcript, we 
cloned the 3′ UTR of human NREP downstream of mCherry. 
Additionally, we mutated the miR-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 due to its low endogenous 
NREP expression (20) and amenability to genome editing. Ex-
pression of this transcript resulted in down-regulation of 
both miR-29a and miR-29b, compared to cells expressing a 
mutant NREP transcript with complementarity to the miR-
29 seed only (NREP_seed) (Fig. 2, C to E, and fig. S5A). Deple-
tion of ZSWIM8 CRL components stabilized miR-29a and 
miR-29b in NREP_29a/b-expressing cells (Fig. 2E and fig. 
S5A) without decreasing expression of the mCherry-
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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 of 
miR-29a and miR-29b, and these modified species further ac-
cumulated in cells with knockout of ZSWIM8 complex com-
ponents (Fig. 2E), reinforcing our previous conclusion that 3′ 
miRNA modification 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 the miR-7 passenger strand, in this con-
text (Fig. 2E and fig. S5, A, C, and F). The requirement for the 
ZSWIM8 ubiquitin ligase in TDMD induced by two unrelated 
substrates 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 demonstrated that these factors form an interacting 
complex (Fig. 3A). Notably, AGO2 was detectable in this com-
plex, providing a direct link to the miRNA pathway. To fur-
ther confirm the interaction of the ZSWIM8 complex with 
AGO2, we employed 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 ubiqui-
tin ligase promotes degradation of AGO proteins engaged in 
a TDMD interaction, leading to release and eventual decay of 
the targeted miRNA. In support of this model, inhibition of 
proteasome-, but not lysosome-, mediated decay stabilized 
miRNAs undergoing TDMD in a ZSWIM8-dependent manner 
(Fig. 3C). Moreover, since conjugation of the ubiquitin-like 
modifier NEDD8 to CRLs is necessary for their ubiquitin 
transfer activity (29), the recovery of several essential NED-
Dylation factors as significant hits in the CRISPR screen (Fig. 
1D) further supported a requirement for ubiquitin transfer in 
the TDMD mechanism. We confirmed this conclusion by 
treating with a NEDDylation inhibitor, which abrogated 
TDMD (Fig. 3D). 
 
Surface-exposed lysines in AGO2 are required for 
TDMD 
Our model that the ZSWIM8 ubiquitin ligase promotes deg-
radation of AGO proteins engaged with TDMD-inducing tar-
gets predicts that specific lysines, which serve as acceptors 
for ubiquitin modification, in AGO should be required for 
TDMD. To pinpoint such residues, we first identified 25 sur-
face-exposed lysines in human AGO2 that are conserved 
among all four human AGO proteins as well as in Drosophila 

Ago1 and C. 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 repression (fig. S6A). 
Furthermore, these AGO2 substitutions 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 speculated that the presence of endogenous AGO1, 
AGO3, and AGO4 in these cells may have prevented complete 
abrogation of TDMD upon expression of mutant AGO2. To 
circumvent this issue, we introduced AGO2KR25 into previ-
ously 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 ex-
tent comparable 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, con-
served, surface exposed lysines in AGO2 are necessary for 
TDMD. 

To identify the specific lysines that are required for 
TDMD, we mutated each of the 25 lysines to arginine individ-
ually or in pairs and tested their effects on miR-7 levels in 
AGO1/2/3 triple knockout cells (fig. S6H). While several indi-
vidual mutants modestly increased miR-7 abundance, TDMD 
was 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 in-
teract with ZSWIM8 (fig. S6B). Thus, K493 of human AGO2 
plays a critical role in TDMD and may be an important site 
of modification by the ZSWIM8 CRL. Further supporting this 
conclusion, ubiquitylation of AGO2 K493, and the homolo-
gous lysine residues in human AGO1 (K491), AGO3 (K494), 
and AGO4 (K485), has been detected in proteomic surveys of 
the ubiquitylation landscape in human cells (33–36). 
 
Tailing and trimming is not required for TDMD  
mediated by the ZSWIM8 ubiquitin ligase 
The accumulation of tailed and trimmed intermediates of 
miRNAs engaged with TDMD substrates in ZSWIM8 knock-
out cells (Fig. 2, B and E, and fig. S4) demonstrated that 3′ 
miRNA modification is not sufficient to trigger degradation. 
It remained possible that 3′-modified miRNAs are essential 
intermediates in the pathway, for example by serving as a sig-
nal for recruitment of the ZSWIM8 complex. To determine 
whether tailing and trimming is necessary for TDMD, we syn-
thesized miR-7 duplexes with or without a 3′-terminal 2'-O-
methyl group that blocks 3′ modification (11). Duplexes were 
introduced into EGFPmiR-7 reporter cells with deletion of the 
miR-7-1 locus, the major source of endogenous miR-7 in this 
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cell line (fig. S7A). miR-7 lacking a 2'-O-methyl group initially 
repressed the EGFPmiR-7 reporter, but fluorescence was recov-
ered over time (fig. S7B, left). De-repression of the reporter 
during this time-course was CYRANO and ZSWIM8-
dependent, indicating that transfected miR-7 was undergoing 
TDMD. The 2'-O-methylated miR-7 duplex behaved identi-
cally in these assays (fig. S7B, right), suggesting that 3′ modi-
fication is dispensible for TDMD. This conclusion was further 
substantiated by immunoprecipitating AGO2 and directly ex-
amining the fate of transfected AGO2-loaded miR-7. Unmod-
ified miR-7 was stabilized in CYRANO–/– and ZSWIM8–/– cells 
and tailed species accumulated upon loss of ZSWIM8 (Fig. 5, 
left). 2'-O-methylated miR-7 also decayed with similar kinet-
ics in a CYRANO and ZSWIM8-dependent manner, despite its 
inability to undergo tailing and trimming (Fig. 5, right). Thus, 
3′ miRNA modification is not an essential step in the degra-
dation 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 pro-
vided 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, how-
ever, resulted in the increased expression of several addi-
tional miRNAs, without an increase in corresponding 
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 accu-
mulation of miR-7 and several other miRNAs without associ-
ated passenger strand up-regulation. Together, these data 
suggest a broad role for the TDMD pathway in shaping the 
steady-state abundance of the miRNA pool in diverse cell 
types. 
 
Discussion 
Although TDMD was discovered over ten years ago, the mo-
lecular machinery that is responsible for miRNA decay 
through this pathway has remained elusive. Here we describe 
the application of an unbiased genetic screening 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 important step toward 
resolving the molecular basis of miRNA turnover through 
TDMD and provides new opportunities to study the broad 
scope and biological role of this mechanism of miRNA regu-
lation. 

Base-pairing of a miRNA with a TDMD-inducing tran-
script promotes broad structural rearrangements of human 
AGO2, 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 specif-
ically ubiquitylate AGO in this conformation, possibly along 
with other associated proteins, leading to the proteasomal 
degradation of the miRNA-containing complex and release of 
the miRNA for subsequent decay by cytoplasmic ribonucle-
ases (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, synthetic miRNA targets 
that induced robust TDMD in rodent primary neuronal cul-
tures were resistant to miRNA-mediated decay (37). Together, 
these findings suggest that the ZSWIM8 CRL does not induce 
decay of the target RNA that triggers TDMD. Instead, recog-
nition of the miRNA-containing complex engaged in a TDMD 
interaction likely results in target release and subsequent re-
cycling for additional rounds of miRNA turnover. 

Although engagement of a miRNA with a TDMD-inducing 
target is clearly associated with the addition of non-tem-
plated nucleotides to the miRNA 3′ end and 3′-to-5′ shorten-
ing of the miRNA, a process known as tailing and trimming, 
there has remained a lack of consensus regarding whether 
this is an essential step in the TDMD mechanism. The data 
reported here demonstrated that tailing and trimming of 
miRNAs is not essential for TDMD mediated by the ZSWIM8 
complex. Nevertheless, it remains possible that tailing and 
trimming may regulate the TDMD pathway or influence its 
efficiency. For example, 3′ tailing can recruit 3′-to-5′ exonu-
cleases such as DIS3L2 (17, 18), which could assist in disposal 
of miRNAs after proteasomal targeting by the ZSWIM8 CRL. 
Tailing and trimming might also destabilize miRNA:target 
interactions, facilitating 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 mod-
ification prevents tailing and trimming when these RNAs en-
gage targets with extensive complementarity, which may be 
important for maintaining their activity and on-target speci-
ficity. Our results demonstrating 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 un-
der some conditions. In this scenario, distinct ubiquitin lig-
ase 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 effi-
cient 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 estab-
lished and likely include not only the characteristics of the 
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miRNA:TDMD target base-pairing interaction, but also po-
tentially other sequence elements within a TDMD-inducing 
transcript that are distinct from the miRNA binding site it-
self. For example, the miR-7 binding site in Cyrano triggers 
TDMD much more efficiently in the context of the endoge-
nous Cyrano transcript compared to expression of the site in 
a heterologous construct (10). Similarly, a sequence motif out-
side of the miRNA binding site is required for TDMD of miR-
17 by a human cytomegalovirus-encoded transcript (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 ubiquityla-
tion of the associated miRNA-containing complex. Investiga-
tion of this possibility, along with the further 
characterization of TDMD-enhancing sequences, may even-
tually allow improved prediction of TDMD-inducing targets. 

ZSWIM8 homologs are present in distantly related spe-
cies, including C. elegans and Drosophila (25), suggesting a 
conserved mechanism of miRNA decay. Although TDMD has 
been demonstrated to robustly regulate specific miRNAs in 
mammalian tissues in vivo (8, 10), and disruption of a specific 
TDMD-inducing target:miRNA pair results in behavioral ab-
normalities in mice (8), the broad role of the TDMD pathway 
in metazoan development 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 Collec-
tion (ATCC). K562 cells were cultured in RPMI (Invitrogen) 
supplemented with 10% FBS and Antibiotic-Antimycotic so-
lution. HCT116, HEK293T, and MEFs were cultured in 
DMEM (Invitrogen) supplemented with 10% FBS and Antibi-
otic-Antimycotic solution. All cells used in this study were 
tested for mycoplasma contamination and confirmed to be 
negative. 
 
Generation of K562 EGFPmiR-7 reporter cell lines 
An MSCV-EGFP plasmid with 8 perfectly complementary 
miR-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 μg/ml polybrene (EMD Millipore) for 
1 hour at a multiplicity of infection (MOI) of approximately 
0.2. EGFP-positive cells were enriched by FACS followed by 
derivation of clonal lines. To generate K562 CYRANO–/– 

EGFPmiR-7, two independent K562 EGFPmiR-7 clones were co-
transfected with plasmids (px458; Addgene #48138) express-
ing Cas9 and two different sgRNAs targeting the 4th 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 
mCherry was PCR amplified from pCAGImC plasmid 
(Addgene #92015) (20). The 3′ UTR of NREP was PCR ampli-
fied from human genomic DNA. The PCR fragments were 
cloned into pLJM1 (Addgene #19319) (41), after removal of the 
puromycin resistance gene, using NEBuilder HiFi DNA As-
sembly Master Mix (New England Biolabs). The QuikChange 
Lightning Site-Directed Mutagenesis kit (Agilent) was then 
used to modify the miR-29 binding site to produce pLJM1-
mCherry-NREP_29_a/b and pLJM1-mCherry-NREP_seed. All 
oligonucleotide sequences are provided in table S2. HCT116 
cells were transduced with lentivirus generated from these 
plasmids followed by enrichment of mCherry-positive cells by 
FACS and derivation of clonal lines. 
 
CRISPR-Cas9-mediated gene knockout 
Knockout pools were generated by transducing cells with len-
tiCRISPR_v2 vectors encoding Cas9, sgRNAs, and puromy-
cin- or hygromycin-resistance genes as described previously 
(Addgene #52961 and #91977) (20). Transduced cells were se-
lected in media containing 0.75-1 μg/ml of puromycin or 800-
1000 μg/ml hygromycin for 7-10 days before further analysis. 
To generate clonal ZSWIM8–/– K562 cell lines, cells were 
transfected with px458 expressing GFP, Cas9, and sgRNAs 
targeting ZSWIM8. 24 hours after transfection, cells with the 
highest 10% of GFP expression were enriched by FACS, fol-
lowed by generation of clonal cell lines which were screened 
for indels at the targeted locus. sgRNA sequences are pro-
vided 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 biolog-
ical replicates were performed for each screen. CYRANO+/+ 
and CYRANO–/– K562 EGFPmiR-7 cells were spun down, resus-
pended in fresh media with 8 μg/ml polybrene (EMD Milli-
pore), and mixed with the lentiviral library at multiplicity of 
infection (MOI) of approximately 0.3. Cells were then plated 
in 6 well plates and spun at 1000 g for 2 hours at room tem-
perature followed by resuspension in fresh media. Beginning 
48 hours after transduction, cells were selected in 0.75 μg/ml 
puromycin and grown for 10 more days before FACS. To 
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achieve ~1000X coverage of the CRISPR library, approxi-
mately 2.6 × 108 cells were transduced, and at least 8 × 107 
cells were maintained after puromycin selection. 
 
Cell sorting  
Cells were washed with PBS and resuspended in PBS supple-
mented with 3% FBS and 2 mM EDTA 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 
pelleted 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 us-
ing the MasterPure Complete DNA Purification Kit (Lucigen), 
and gDNA from sorted cells was extracted using a previously 
described phenol-chloroform extraction method (20). 
 
Next generation sequencing  
For sequencing library prep, two sequential rounds of PCR 
were performed using Herculase II Fusion DNA polymerase 
(Agilent) as described previously (20). For the first PCR, 6.6 
μg of gDNA from unsorted cells was used per 100 μl PCR re-
action, and a total of 80 reactions were performed per repli-
cate to maintain 1000X coverage. For sorted cells, gDNA was 
divided into two 100 μl PCR reactions. 18 cycles were per-
formed for PCR 1. After pooling PCR 1 reactions, 5 μl was used 
for the second PCR (9-11 cycles) with primers containing bar-
codes and adaptors for Illumina sequencing. Agencourt AM-
Pure XP beads (Beckman Coulter Life Sciences) were used to 
purify amplicons, which were sequenced on an Illumina 
NextSeq500 with 75 bp 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-wide 
CRISPR/Cas9 Knockout (MAGeCK) was used to identify 
genes targeted by enriched sgRNAs in sorted populations 
(42). 
 
Northern blot analysis 
Total RNA was isolated using Trizol (Invitrogen). 10-15 μg of 
total RNA was separated on 15% TBE-Urea polyacrylamide 
gels. RNAs were transferred to BrightStar-Plus nylon mem-
branes (Invitrogen) followed by UV-crosslinking at 120 
mJ/cm2. Membranes were pre-hybridized with ULTRAhyb-
Oligo hybridization buffer (Invitrogen) followed by probing 
with 32P end-labeled oligonucleotide probes. A locked nucleic 
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. Densi-
tometry was performed using Quantity One 1-D Analysis soft-
ware (Bio-Rad), and miR-16 or U6 snRNA was used as a 
normalization control. 
 
Site-directed mutagenesis and lentiviral expression of 
AGO2 
To generate lysine to arginine substitution mutants of AGO2, 
site-directed mutagenesis of AGO2 was conducted with the 
QuikChange Lightning Site-Directed Mutagenesis kit (Ag-
ilent), using pLJM1-FH-AGO2 plasmid (20) as a template. 
Amino acid substitutions and mutagenesis 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 selected in media 
containing puromycin for at least 5 days before analyses. 
 
qRT-PCR assays 
cDNA was synthesized using PrimeScript RT (Clontech) and 
qRT-PCR was performed with SYBR Green Master Mix (Ap-
plied Biosystems). TaqMan assays (Applied Biosystems) or 
miScript PCR system (Qiagen) were used for cDNA synthesis 
and detection of miRNAs. miR-16 or U6 snRNA was used as 
a normalizer for all miRNA qRT-PCR measurements while 
GAPDH was used for all other qRT-PCR normalization. All 
experiments were performed in biological triplicates. P values 
were calculated using the Student’s t test. Primer sequences 
are provided in table S2. 
 
Co-immunoprecipitation (Co-IP) assays 
ZSWIM8 and V5-ZSWIM8 were PCR amplified from a 
ZSWIM8 cDNA clone (Transomics) and cloned into a modi-
fied AAVS1 hPGK-PuroR-pA donor plasmid (Addgene 
#22072) for CMV promoter-driven expression (primer se-
quences in table S2). For Co-IP, HEK293T cells were trans-
fected with the AAVS1-V5-ZSWIM8 or AAVS1-ZSWIM8 
plasmid using FuGENE HD (Promega). 48 hours after trans-
fection, cells were lysed in buffer containing 50 mM Tris-HCl 
pH 7.5, 100mM NaCl, 1% NP40, and 0.1% sodium deoxycho-
late. Lysates were cleared by centrifugation at 4°C for 10 min. 
Protein G Dynabeads were pre-incubated with anti-V5 mouse 
monoclonal antibody (Invitrogen) for 1 hour and added to ly-
sates for overnight rotation at 4°C. After washing beads with 
lysis buffer 5 times, SDS-PAGE sample buffer was added prior 
to immunoblotting. For testing the interaction of ZSWIM8 
with AGO2KR25 or AGO2K493R, AAVS1-V5-ZSWIM8 and FH-
AGO2 plasmids were co-transfected into HEK 293T cells, and 
immunoprecipitation of V5-ZSWIM8 was conducted as de-
scribed above. 
 

on N
ovem

ber 12, 2020
 

http://science.sciencem
ag.org/

D
ow

nloaded from
 

http://www.sciencemag.org/
http://science.sciencemag.org/


First release: 12 November 2020  www.sciencemag.org  (Page numbers not final at time of first release) 7 
 

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 the NEBuilder HiFi DNA Assembly Master Mix 
(New England Biolabs) (primer sequences in table S2). Tur-
boID plasmids were transiently transfected into biotin-
starved HEK293T cells using FuGENE HD (Promega). 48 
hours after transfection, Bafilomycin and Bortezomib (Fisher 
Scientific) were added to final concentrations of 100 nM and 
10 nM, respectively. After 2 hours, biotin was added at a final 
concentration of 500 μM, followed by a 2 hour incubation. 
The cells were then washed 5 times with ice-cold PBS to stop 
the reaction and then lysed in RIPA (50 mM Tris-HCl, pH 7.5, 
150 mM NaCl, 2mM EDTA, 1% NP-40, 0.5% Sodium deoxy-
cholate, and 0.1% SDS) supplemented with a protease inhibi-
tor tablet (Roche). After clearing by centrifugation, lysates 
were rotated overnight with Dynabeads MyOne Streptavidin 
T1 magnetic beads (Invitrogen) at 4°C. Beads were washed as 
follows (1 ml per wash): 2 times with RIPA, once with 1 M 
KCl, once with 0.1 M 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 proteins from the 
beads prior to immunoblotting. 
 
Western blotting and antibodies 
NuPAGE 4-12% Bis-Tris protein gels (Thermofisher) were 
used to separate proteins, which were transferred to nitrocel-
lulose membranes using the iBlot Dry Blotting System (Ther-
mofisher). An infrared fluorescent antibody detection system 
(LI-COR) was used for protein detection. All antibodies are 
provided in table S2. 
 
Treatment of cells with Bortezomib, Bafilomycin, and 
MLN4924 
Bafilomycin, Bortezomib, and MLN4924 were dissolved in 
DMSO, and cells were treated with DMSO alone, 200 nM 
Bafilomycin, 2 μM bortezomib, or 5 μM MLN4924 for 24-48 
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 unmodified miR-7 duplex or 2'-O-methylated 
miR-7 duplex (Horizon Discovery) using lipofectamine 
RNAiMAX reagent (Thermofisher) at a final concentration of 
2 nM. 18 × 106 cells were harvested each day for AGO2 im-
munoprecipitation, and approximately 2 × 105 cells were used 

for flow cytometry analysis. For AGO2 immunoprecipitation, 
cells were harvested in 500 μl lysis buffer [25 mM Tris-HCl 
(pH. 8.0), 150 mM NaCl, 2 mM MgCl2, 0.5% NP-40, and 1 mM 
DTT] supplemented with a protease inhibitor tablet (cOm-
plete, EDTA-free, Roche) and 250 U/ml recombinant RNasin 
Ribonuclease inhibitor (Promega). Cleared lysates were 
added to 30 μl of Protein G Dynabeads that had been pre-
incubated with 4.5 μg anti-AGO2 antibody (Sigma, 11A9). Af-
ter overnight rotation at 4°C, beads were washed with lysis 
buffer 5 times before addition of 1 ml Trizol for RNA isolation. 
 
Small RNA-seq 
Total RNA was isolated from biological triplicates of each cell 
line using the miRNeasy Mini RNA isolation kit (Qiagen) in-
cluding a DNase I digestion step to remove genomic DNA. 
For all samples except K562 CYRANO+/+ and CYRANO–/– cells, 
library preparation was performed following a previously 
published protocol (43) with the following modifications. For 
each sample, 20 μg of total RNA was combined with 1 μl of 10 
nM spike-in control oligos (Bioneer) before size fractionation 
on a 15% urea-polyacrylamide gel. RNAs were ligated to 3′ 
randomized adapter using T4 RNA ligase 2 truncated KQ 
(NEB) supplemented with 20% PEG 8000 (NEB) at 25°C over-
night. The PCR-amplified cDNA was gel-purified using an 8% 
polyacrylamide gel. Library preparation and next generation 
sequencing for K562 CYRANO+/+ and CYRANO–/– cells was 
performed by DNA Link using the NEB Next Small RNA Li-
brary Prep kit for Illumina (New England Biolabs). Approxi-
mately 2 × 107 reads per sample were obtained and the first 
18 nt of each read was mapped to mature miRNA sequences 
downloaded from miRbase (miRbase_v22) as described pre-
viously (10, 44). EdgeR was used for differential expression 
analysis (45), and only miRNAs with a mean RPM > 1 in wild-
type cells were used for subsequent analyses. 
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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). UCSC 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. (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. 
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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. 3. The ZSWIM8 ubiquitin ligase interacts with AGO2 and is required 
for proteasome-dependent miRNA turnover. (A) Co-immunoprecipitation 
of V5-ZSWIM8 with CRL components 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 following 24 or 48 hours of treatment with lysosome inhibitor 
bafilomycin (200 nM) or proteasome inhibitor bortezomib (2 μM) (C) or 
NEDDylation inhibitor MLN4924 (5 μM) (D). n = 3 biological replicates for all 
experiments (representative results shown). 
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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 (PDB: 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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Fig. 5. miRNA tailing and trimming is not essential for TDMD. Northern 
and Western blot analyses of AGO2-loaded miRNAs (miR-7, miR-16) and 
AGO2, respectively, after transfection of the indicated miR-7 duplexes into 
miR-7-1–/– K562 cells and immunoprecipitation 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. 
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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. B, Elongin B; C, Elongin C; E2, Ubiquitin-conjugating enzyme; Ub, 
Ubiquitin. 

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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