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INTRODUCTION:MicroRNAs (miRNAs) are short
RNAs that direct widespread gene repression
in the cells of humans and other animals. Each
miRNA associates with an Argonaute (AGO)
protein to form a silencing complex in which
the miRNA pairs to sites within target mRNAs,
and AGO recruits machinery that causes desta-
bilization or reduced translation of the targeted
transcript. In the aggregate, miRNAs reduce
the output of most human genes, and most
of the 90 broadly conserved miRNA families
found in mammals are required for viability
or proper development.
Most miRNAs are quite long-lived because

association with AGO protects them from cel-
lular nucleases. However, some miRNAs are
relatively unstable. A potential explanation for
the instability of these miRNAs comes from
the observation that interactions with certain
target sites can promote miRNA destruction,
thereby inverting the typical regulatory logic.
This phenomenon of target-directed miRNA
degradation (TDMD) is exploited by some
viruses, which produce transcripts that trigger
the decay of specific host miRNAs that would
otherwise impede viral replication. In addition,
four endogenous transcripts have recently been

found to trigger TDMD. These include the
CYRANO long noncoding RNA, which directs
efficient degradation of miR-7. However, the
extent to which this phenomenon might ac-
celerate the degradation of other miRNAs has
been unclear, in part because proteins re-
quired for TDMD had not been identified.

RATIONALE: The unusual target sites that trig-
ger TDMD differ from the typical sites that
mediate gene repression in that they not only
pair to the 5′ region of themiRNA but also pair
extensively to the miRNA 3′ region. This ex-
tensive pairing to the 3′ region can cause con-
formational changes that expose themiRNA 3′
terminus to enzymes that append or remove
nucleotides—processes called tailing and trim-
ming, respectively. The tailing and trimming
observed in the presence of sites that trigger
TDMDhave been proposed to be obligate steps
of the TDMD pathway. However, loss of an en-
zyme responsible for target-directed tailing has
little influence on CYRANO-directed degrada-
tion ofmiR-7, which suggests that TDMDmight
occur through another mechanism. To learn
more about this mechanism, we carried out a
CRISPRi screen designed to identify proteins

required for CYRANO-directed degradation of
miR-7 in cultured human cells.

RESULTS: Our screen revealed that the ZSWIM8
protein was required for CYRANO-directed
miR-7 degradation. ZSWIM8 was also required
for other known examples of TDMD, including
degradation triggered by a viral noncoding
RNA and a cellular mRNA. Moreover, identi-
fication of miRNAs that increased after knock-
ing out ZSWIM8 in different types of mouse
and human cells implicated dozens of addi-
tional miRNAs as substrates of endogenous
TDMD. Indeed, for cells in whichmiRNA half-
lives were known, TDMD explained the desta-
bilization of most short-lived miRNAs. Similar
experiments that examined the consequences
of knocking out the ZSWIM8 ortholog in Dro-
sophila cells and nematodes indicated that
endogenous TDMD also shapes miRNA levels
and dynamics in invertebrate species.
ZSWIM8 is the substrate receptor of a Cullin-

RING E3 ubiquitin ligase; this suggests an
alternative model for TDMD that does not de-
pend on miRNA tailing and trimming. In this
model, the ZSWIM8 ubiquitin ligase recog-
nizes the conformational changes that occur
upon extensive pairing to the miRNA 3′ re-
gion,which leads to polyubiquitination of AGO.
Polyubiquitinated AGO is then degraded by the
26S proteasome, thereby exposing the miRNA
to cytoplasmic nucleases. In support of this
model, knockdown of other known compo-
nents of the ZSWIM8 ubiquitin ligase impeded
TDMD, as did inhibition of ubiquitin activa-
tion, of general Cullin-RING ligase activity, or
of proteasome-mediated proteolysis. More-
over, the miRNAs that were TDMD substrates
preferentially associated with polyubiquitinated
proteins in the presence of ZSWIM8, and sub-
stitutions of lysines on the surface of AGO abro-
gated TDMD, which implicates AGO as the
direct target of the ubiquitin ligase.

CONCLUSION: The finding that TDMD requires
the ZSWIM8 ubiquitin ligase supports a model
of TDMD in which target-directed proteolysis
of AGO exposes the miRNA for degradation.
Furthermore, the implied scope of TDMD ex-
tends far beyond the four endogenous exam-
ples previously identified inmammals andother
vertebrates. Endogenous TDMD appears to in-
fluence dozens of miRNAs in mammalian cells,
and it extends to Drosophila and nematodes,
which suggests that it has been shapingmiRNA
levels and dynamics since the last common
ancestor of bilaterian animals.▪
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Molecular models for effects of miRNAs on targets, and vice versa. During miRNA-mediated regulation
(top), the miRNA directs AGO to an mRNA, which recruits proteins that shorten the mRNA poly(A) tail,
causing more rapid mRNA degradation. During TDMD (bottom), a target site with extensive pairing to the
miRNA 3′ region induces conformational changes that are recognized by the ZSWIM8 ubiquitin ligase.
This ligase polyubiquitinates AGO, causing its proteolysis, which exposes the miRNA for degradation. ncRNA,
noncoding RNA.
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MicroRNAs (miRNAs) associate with Argonaute (AGO) proteins to direct widespread posttranscriptional
gene repression. Although association with AGO typically protects miRNAs from nucleases, extensive
pairing to some unusual target RNAs can trigger miRNA degradation. We found that this target-
directed miRNA degradation (TDMD) required the ZSWIM8 Cullin-RING E3 ubiquitin ligase. This and other
findings support a mechanistic model of TDMD in which target-directed proteolysis of AGO by the
ubiquitin-proteasome pathway exposes the miRNA for degradation. Moreover, loss-of-function studies
indicated that the ZSWIM8 Cullin-RING ligase accelerates degradation of numerous miRNAs in cells
of mammals, flies, and nematodes, thereby specifying the half-lives of most short-lived miRNAs. These
results elucidate the mechanism of TDMD and expand its inferred role in shaping miRNA levels
in bilaterian animals.

M
icroRNAs (miRNAs) are∼22-nucleotide
(nt) RNAs that pair to sites in mRNAs,
thereby causing more rapid degrada-
tion and/or translational repression
of these mRNA targets (1, 2). In the ag-

gregate, miRNAs regulate most human mRNAs
(3), andmost of the90broadly conservedmiRNA
families found in mammals are required for
viability or proper development (1). Whereas
mRNAs typically decay after only a few hours,
mostmiRNAspersistmuch longer—often longer
than a day and sometimes longer than a week
(4–6). This stability is explained by the resi-
dence of each miRNA within an effector pro-
tein, Argonaute (AGO), which interacts with
the miRNA throughout its length, thereby pro-
tecting it from nucleases (7, 8).
Despite the stability of most miRNAs, some

can be relatively short-lived, with half-lives rang-
ing from <2 hours to 10 hours (4, 5, 9). A po-
tential explanation for these shorter half-lives
comes from the observation that pairing be-
tween a miRNA and an unusually highly com-
plementary target can trigger decay of the
miRNA, inverting the typical regulatory logic.
This phenomenon, termed target-directed
miRNA degradation (TDMD), was initially ob-
served after introducing either antisensemiRNA
inhibitors or artificial targets with extensive
pairing into cells (10–14), or after infection by
some herpesviruses, which express transcripts
with extensively paired sites that direct the
degradation of host antiviral miRNAs (15–18).

More recently, four cellular transcripts have
also been found to trigger TDMD (19–21). For
example, the Cyrano long noncoding RNA
(lncRNA) directs efficient degradation of the
miR-7miRNA (21). After either deleting Cyrano
or mutating the site within Cyrano that pairs
extensively tomiR-7 (Fig. 1A), steady-statemiR-7
levels increase by as much as a factor of 50 in
some cells and tissues (4, 21). Moreover, after
loss of Cyrano, the half-life of miR-7 increases
to resemble that of most other miRNAs (4).
In contrast to the extensively paired sites

that trigger TDMD (e.g., Fig. 1A), most miRNA
regulatory sites pair only to the miRNA seed
region (2 to 8 nt from the miRNA 5′ terminus)
(22). Some sites also possess supplementary
pairing, but this pairing is less common (con-
served in only 5% of the preferentially con-
served sites) and rarely approaches the miRNA
3′ terminus (22), which explains why most reg-
ulatory sites do not trigger TDMD.
Some sites that trigger TDMD also cause ad-

dition of untemplatednucleotides to themiRNA
3′ terminus and/or removal of 3′-terminal nu-
cleotides, processes known as tailing and trim-
ming, respectively (8, 12–14, 17, 19–21, 23–26).
Mechanistically, the extensive 3′ pairing char-
acteristic of these sites is proposed to promote
conformational changes that separate the 3′
end of the miRNA from its binding pocket in
the PAZ domain of AGO, thereby exposing it
to cytosolic terminal nucleotidyltransferases
and exonucleases (12). Consistent with this
proposal, tailing and trimming each occur
while the affected miRNA is still bound by
AGO (8, 23, 25). Moreover, crystal structures
reveal conformational changes in both the pro-
tein and the miRNA that accompany extensive
pairing to the 3′ portion of the miRNA and
indicate that these changes leave the miRNA 3′

terminus potentially vulnerable to enzymatic
modification (8).
Taken together with the role of tailing in

marking other RNA substrates for degrada-
tion (27–35), these findings have led to a model
of TDMD whereby tailing marks the miRNA
for trimming and, ultimately, degradation by
cellular nucleases (8, 12). However, anymodel
that mechanistically couples target-directed
tailing and trimming (TDTT) to TDMD is chal-
lenged by the observations that some miRNA
sites trigger TDTT without detectable miRNA
degradation (8, 12),whereasothers triggerTDMD
without detectable tailing and trimming (12).
Moreover, deletion of the gene encoding the
PAPD4 (TENT2/TUT2/GLD2) terminal nucleo-
tidyltransferase eliminates miR-7 tailing attrib-
utable to Cyrano yet has no detectable effect on
Cyrano-directed miR-7 degradation (21).
A better understanding of the TDMDmech-

anismwould benefit from the identification of
proteins required for this phenomenon. Al-
though TDMDwas first describedmore than a
decade ago, no such proteins have been re-
ported. Because many candidates, including
known terminal nucleotidyltransferases and
nucleases, had already been tested for roles in
either TDMD or miRNA turnover more gen-
erally (9, 21, 25, 26, 36–38), we set out to use an
unbiased approach to identify proteins that
function in the TDMD pathway.

ZSWIM8 is required for CYRANO-directed
miR-7 degradation

To find factors required for TDMD, we de-
veloped a CRISPR screen designed to identify
protein-coding genes needed to reduce the
level of miR-7. The screen used CRISPR inter-
ference (CRISPRi), a gene-knockdownmethod
in which KRAB-dCas9 [catalytically defective
Cas9 (dCas9) fused at its N terminus to the
Krüppel-associated box (KRAB) transcriptional
repression domain] is ectopically expressed in
cells and directed to the vicinity of transcrip-
tion start sites by coexpressed guide RNAs
(gRNAs) (39). After engineering K562 cells (a
human erythroleukemia cell line) to express
KRAB-dCas9, we further modified these cells
to express two reporter mRNAs from a bi-
directional promoter (Fig. 1B). One reporter
was designed to report on cellular miR-7 ac-
tivity; it contained two sites predicted to un-
dergo miR-7–directed slicing and encoded the
mCherry fluorescent protein. The other reporter
was designed to normalize for expression inde-
pendent of miR-7; it contained no miR-7 sites
and encoded green fluorescent protein (GFP).
To confirm the utility of these cells, we trans-

duced themwith either a lentivirus expressing
a control gRNA or one that expressed a gRNA
that recruits KRAB-dCas9 to the CYRANO pro-
moter and silences its transcription (21). As ex-
pected if cellular fluorescence reported on the
efficacy of CYRANO-directedmiR-7 degradation,
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transduction with the CYRANO gRNA caused
mCherry:GFP ratios to drop (Fig. 1C), which
presumably reflected reduced CYRANO-directed
miR-7 degradation, leading to increased miR-7
accumulation and thus reduced mCherry ex-
pression. Having confirmed the desired re-
sponse, albeit with relatively lowmagnitude,
wewent forwardwith the screen. The reporter

cells were transduced with the CRISPRi v2
lentiviral library designed to express 10 gRNAs
per protein-coding gene (Fig. 1D) (40). After
10 days of culture, cells were sorted, collecting
populations at the bottom 5% and the top 5%
with respect to the mCherry:GFP ratio (Fig.
1D), which were expected to be enriched and
depleted, respectively, in cells with increased

miR-7 accumulation. The gRNA cassettes from
these two populations were sequenced, and
genes that were preferentially targeted in the
bottom 5% relative to the top 5% were iden-
tified by the MAGeCK algorithm, which statis-
tically scores gRNA enrichment for each gene
(41) (Fig. 1E, fig. S1B, and data S1).
Among the 70 genes with a false discovery

rate (FDR) of ≤0.3 (data S1), 56 candidates
were selected for a secondary screen that more
directly queried the influence on miR-7 levels.
For each candidate, gRNAs were expressed
in K562i cells (an independent K562 cell line
competent for CRISPRi) (42), and an RNA blot
was used to detect an increase in miR-7 without
a change in either the pre-miRNA hairpin or a
control miRNA (fig. S1A). This secondary screen
validated a single candidate: Knockdown of
ZSWIM8 with either gRNA caused an increase
in miR-7, with magnitude resembling that of
the CYRANO knockdown (Fig. 1F and fig. S1A).
Likewise, Cas9-mediated knockout of ZSWIM8
caused increased miR-7, and as expected, ex-
pression of wild-type ZSWIM8 in the knock-
out background restored the normal miR-7
level (fig. S1C; DNA lesions of this and other
clonal knockout lines are listed in table S1A).

ZSWIM8 acts in miR-7 degradation
downstream of CYRANO

High-throughput sequencing of small RNAs
isolated fromK562i cells further established the
similarities between the functions of ZSWIM8
and CYRANO, showing that miR-7 levels spe-
cifically increased upon either ZSWIM8 knock-
down or ZSWIM8 knockout, as also observed
upon CYRANO knockdown (Fig. 2A, fig. S2A,
table S1A, and data S2). These small-RNA se-
quencing (sRNA-seq) results also provided the
opportunity to monitor the effect of ZSWIM8
on the level of the miR-7 passenger strand.
MicroRNA biogenesis culminates in the pro-
duction of a miRNA duplex, consisting of a
miRNA and its passenger strand. This duplex
associates with AGO in a manner that retains
one strand—typically the one annotated as the
miRNA—as the guide strand and expels the
passenger strand, which is rapidly degraded.
sRNA-seq showed that despite the increase in
miR-7 observed upon ZSWIM8 knockdown,
the level of its passenger strand did not sig-
nificantly change (Fig. 2A). This increase in
miRNA,with no change in its passenger strand,
was also observed after loss of CYRANO (Fig.
2A) (21) and would be expected after knock-
down of a TDMD factor because TDMD acts
after the miRNA is loaded into AGO and thus
affects only the guide strand. In contrast, most
other processes that influence miRNA levels
(such as differential transcription or process-
ing) affect accumulation of both guide and pas-
senger strands. Thus, this behavior ofmiR-7 and
its passenger strand supported the idea that
our CRISPRi screen had identified a protein
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Fig. 1. A CRISPRi screen identifies ZSWIM8 as a regulator of miR-7. (A) The extensive complementarity
between Cyrano and miR-7. Vertical lines indicate Watson-Crick complementarity, excluding the first
nucleotide of the miRNA, which is not available for pairing (1). (B) The engineered K562 cell line used to
perform the CRISPRi screen. This line was generated by stably integrating two constructs into the genome;
one expressed KRAB-dCas9, and the other expressed GFP and mCherry reporter mRNAs from a bidirectional
promoter. The mCherry mRNA had two sites in its 3′ untranslated region that were designed to be susceptible
to miR-7–directed slicing. (C) Flow cytometry of cells in (B) transduced with lentiviral constructs expressing
either a nontargeting control gRNA or a gRNA targeting CYRANO for knockdown. (D) Schematic of the
genome-wide CRISPRi screen. Cells in (B) were transduced with a lentiviral CRISPRi gRNA library, cultured,
and sorted with respect to their mCherry:GFP ratios, collecting cells with ratios in the top 5% and bottom
5% of all cells. The abundances of gRNAs in these two populations were then determined by high-throughput
sequencing. FACS, fluorescence-activated cell sorting. (E) Results of the screen. Aggregate gRNA enrichment
in cells with mCherry:GFP ratios in the bottom 5%, relative to that in cells with ratios in the top 5%, is plotted as
function of MAGeCK rank. (F) Influence of ZSWIM8 on miR-7 accumulation. Shown is a representative RNA
blot measuring miR-7 and miR-16 levels in an independently derived K562i line expressing either a nontargeting
control gRNA, a gRNA targeting CYRANO, or one of two gRNAs (A and B) targeting ZSWIM8 for CRISPRi-
mediated knockdown. miR-7 levels were normalized to those of miR-16, and mean levels relative to that
observed for the nontargeting control are shown; n = 3 biological replicates.
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required for CYRANO-directed miR-7 degra-
dation in K562 cells.
One way that ZSWIM8 might influence

CYRANO-directed miR-7 degradation is by af-
fecting CYRANO expression. For example, if

ZSWIM8 were required for transcription of
CYRANO, then knockdown of ZSWIM8 would
phenocopy knockdown of CYRANO. However,
RNA sequencing (RNA-seq) analyses showed
that ZSWIM8 knockdown had no detectable

effect on CYRANO levels, and vice versa, thereby
excluding the possibility that ZSWIM8 affects
CYRANO expression (fig. S2B). To investigate
the hypothesis that ZSWIM8 and CYRANO
nonetheless act in the same genetic pathway, we
knocked down ZSWIM8 in CYRANO-knockout
cells and reciprocally knocked down CYRANO
in ZSWIM8-knockout cells (fig. S2C). Whereas
individual loss of either ZSWIM8 or CYRANO
function caused miR-7 levels to increase, neither
combination of perturbations caused any addi-
tional increase (Fig. 2B). Thus, ZSWIM8 and
CYRANO each require the presence of the
other to influence miR-7 levels and are part of
the same pathway.
Although ZSWIM8 and CYRANO each had a

similar effect on the total level of miR-7, ZSWIM8
knockdown did not precisely phenocopy CYRANO
knockdown. The distribution of miR-7 isoforms
observed upon ZSWIM8 knockdown was much
broader than that observed upon CYRANO
knockdown (Fig. 1F and Fig. 2, B and C). Anal-
ysis of sRNA-seq results confirmed that this
length variability was specific to the miR-7 guide
strand and occurred at its 3′ end—a hallmark
of tailing and trimming (fig. S3). These distinct
molecular phenotypes provided the oppor-
tunity to perform epistasis analyses to order
CYRANO and ZSWIM8 in the pathway. The
reduced extent of tailing and trimming ob-
served upon combining a CYRANO knockout
with a ZSWIM8 knockdown (or a CYRANO
knockdown with a ZSWIM8 knockout) resem-
bled that observed for the knockout (or knock-
down) of only CYRANO (Fig. 2, B and C). Thus,
CYRANO lies upstream of ZSWIM8 in the path-
way, and CYRANO but not ZSWIM8 is required
for miR-7 tailing and trimming.
We also explored the effects of other genes

on the extensive tailing and trimming observed
upon ZSWIM8 knockout. Knockdown of PARN
and DIS3L2 in ZSWIM8-knockout cells did not
reveal a substantial role for these nucleases in
miR-7 trimming (fig. S2D). However, knock-
down of PAPD4 in ZSWIM8-knockout cells
caused tailed species to decrease and trimmed
species to increase, with no change in overall
levels of miR-7. This finding confirmed the
role of the PAPD4 terminal nucleotidyltrans-
ferase in miR-7 tailing (21) and indicated that
trimmed species were not degradation inter-
mediates downstreamof tailing (fig. S2D).More-
over, building on the observation that a miRNA
loaded into any of the four AGO paralogs (AGO1
to AGO4) can undergo TDTT (8), we found that
miR-7 loaded into any of the four AGOparalogs
could undergo ZSWIM8-dependent TDMD
(fig. S2E).

ZSWIM8 and TDMD have widespread influence

Having found that ZSWIM8 is required for
CYRANO-directed miR-7 degradation, we ex-
amined whether it might also be required for
other instances of TDMD. ZSWIM8 mRNA is
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Fig. 2. ZSWIM8 is required for target-directed miR-7 degradation, acting downstream of CYRANO.
(A) Influence of CYRANO and ZSWIM8 on miRNA levels in K562i cells. Shown are relative (fold) changes in
mean miRNA levels observed upon CRISPRi-mediated knockdown of either CYRANO (left) or ZSWIM8 (right).
Relative miRNA levels measured by sRNA-seq after knockdown were compared with those observed after
expressing a control gRNA (n = 3 biological replicates). The point for the miRNA that significantly changed
(adjusted p value < 10–7, as determined by DESeq2) is indicated (red), as is the point for its passenger
strand (blue). (B) Genetic interaction between CYRANO and ZSWIM8. Left: RNA blot measuring miR-7 and
miR-16 levels in clonal K562i lines in which the indicated gene had been knocked out (wild type, DCYRANO, and
DZSWIM8; table S1A) and either a nontargeting control gRNA, a gRNA targeting CYRANO, or a gRNA targeting
ZSWIM8 (gRNA B) was expressed for CRISPRi-mediated knockdown (fig. S2C). Right: Results of quantification of
this blot (squares), measuring miR-7 normalized to miR-16, plotted together with results from two additional
biological replicates, each performed with independent control or knockout clonal lines (circles and triangles;
means, horizontal lines). All values were normalized to the loading control (miR-16), then to hybridization
standards, and finally to the mean of WT expressing the control gRNA. **p < 0.005 (two-tailed paired
ratio t test of fold changes between cells expressing targeting and control gRNAs within the same genetic
background); ns, not significant. (C) Influence of CYRANO and ZSWIM8 on miR-7 length variation. Plotted
are intensity values (arbitrary units) as a function of gel migration (arbitrary units) measured by line
densitometry of RNA blots in (B) and its biological replicate. Peaks correspond to lengths of miR-7 isoforms, as
indicated (arrowheads). Shaded areas denote 95% confidence intervals across biological replicates (n = 2).
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broadly expressed in human tissues, with a
median of 45.2 TPM (transcripts per million)
in a human transcript-expression atlas (fig. S4A)
(43), which implies that it could be acting in
many cell types to cause target-directed degra-
dation of other miRNAs.
The founding biological example of TDMD

is directed by Herpesvirus saimiri HSUR1, a
143-nt viral noncoding RNA that triggers the
decay of host miR-27a (8, 15). To examine the
potential requirement of ZSWIM8 for HSUR1-
directed miR-27a degradation, we knocked out
ZSWIM8 in BJAB cells (a human Burkitt lym-
phoma B cell line) engineered to express HSUR1
(8, 15). Polyclonal knockout of ZSWIM8 re-

stored miR-27a levels in HSUR1-expressing
cells but had no detectable effect on miR-27a
levels in control lines that expressed either
no additional RNA (empty vector) or a mutant
HSUR1 unable to direct miR-27a degrada-
tion (Fig. 3A; efficiencies of these and other
polyclonal knockouts are listed in table S1B).
Probing for other miRNAs showed that, as
expected, ZSWIM8 influenced miR-7 levels
regardless of whether HSUR1 was present
and had no influence on miR-20, which was not
a suspected TDMD substrate in BJAB cells
(Fig. 3A). Similar experiments indicated that
NREP-directed degradation of miR-29b, the
founding example of TDMD triggered by an

endogenous mRNA (19), also depended on
ZSWIM8 (fig. S4B).
The finding that ZSWIM8 was required for

known instances of TDMD raised the prospect
that additional miRNAs might be implicated
as TDMD substrates on the basis of their in-
creased accumulation after ZSWIM8 loss. Rea-
soning that the most affected miRNAs would
be those with the shortest half-lives, we first
tested miR-503, which has a relatively short
half-life in mouse fibroblasts (4, 9). miR-503
levels increased after polyclonal knockout of
Zswim8 (the mouse ortholog of the human
ZSWIM8 gene) in contact-inhibited NIH 3T3
cells, as would be expected if it is a TDMD
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Fig. 3. ZSWIM8 is
generally required for
target-directed
miRNA degradation
(TDMD) and limits
accumulation of many
miRNAs in diverse
species. (A) Require-
ment of ZSWIM8
for HSUR1-directed
miR-27a degradation.
The RNA blot measures
levels of the indicated
RNAs in BJAB cells
stably expressing either
HSUR1, mutant HSUR1,
or empty vector—each
also expressing Cas9
and either one of three
control gRNAs (A, B,
or C) or one of
three gRNAs targeting
ZSWIM8 (A, B, or C) for
polyclonal knockout
(table S1B). The plot
shows relative levels of
miR-27 after normaliz-
ing to that of miR-20
and then to the mean
level of cells expressing
empty vector (EV) and
control gRNAs (means,
horizontal lines). ****p <
0.0001 [two-way analy-
sis of variance (ANOVA)
followed by Bonferroni’s
multiple-comparisons
test]. (B) The influence
of ZSWIM8 on miRNA
levels in cells from
diverse species, as measured by sRNA-seq. Plotted are fold changes in miRNA
levels observed upon polyclonal knockout of Zswim8 in MEFs and induced
mouse neurons, and clonal knockout of the ZSWIM8 ortholog in Drosophila
S2 cells (table S1). miRNA fold changes with significance exceeding the
indicated p-value threshold are red; fold changes for their corresponding
passenger strands are blue. miR-29b in MEFs and miR-7a in induced neurons
each had two quantifiable passenger strands, whereas some other miRNAs did
not have a passenger strand that exceeded our threshold for accurate

quantification (data S2). Adjusted p values were determined by DESeq2. n = 3,
2, and 3 biological replicates for MEFs, induced mouse neurons, and S2 cells,
respectively. Each replicate was performed with independent knockout and
control lines (table S1A). (C) Asymmetric influence of ZSWIM8 on miRNA
guide and passenger strands. Shown are the miRNA fold changes highlighted in
(B), each paired with the fold change of its passenger strand(s). Unpaired
points correspond to miRNAs for which passenger strands did not exceed the
threshold for reliable quantification.
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substrate (fig. S4C). We then looked more
broadly for evidence of additional miRNAs
subject to TDMD, using sRNA-seq to quan-
tify changes in miRNA accumulation after
polyclonal knockout of Zswim8 in mouse
embryonic fibroblasts (MEFs). To identify
ZSWIM8-sensitive miRNAs, we considered
different significance thresholds for differen-
tial expression, choosing p < 10–7 as a value
sufficiently permissive to capture increases
in abundance upon Zswim8 knockout, yet
sufficiently stringent to avoid capturing any
decreases. This approach identified 23 ZSWIM8-
sensitive miRNAs. For these 23 miRNAs, 21
passenger strands could be reliably quantified,
and in each case, the guide strand increased
without a corresponding increase in its pas-
senger strand(s)—as would be expected if each
of these guides is a TDMD substrate (Fig. 3, B
andC, and data S2). These 23 ZSWIM8-sensitive
miRNAs included miR-7a (the murine miR-7
paralog expressed in MEFs) and miR-29b, as
well as another 21 miRNAs not known to be
TDMD substrates [including miR-503 and
miR-322, which is related to miR-503 and is
reported to have similar expression dynam-
ics (9)]. Moreover, for most (20/21) of these
additional ZSWIM8-sensitivemiRNAs, the frac-
tion of tailed and trimmed isoforms increased
upon Zswim8 knockout (fig. S4, D and E). Such
increases would be expected if these miRNAs,
like miR-7 and other known TDMD substrates
(Fig. 2B and fig. S3A) (8), also pair to triggers in
amanner that exposes their 3′ termini to tailing
and trimming activities.
The identification of 23 ZSWIM8-sensitive

miRNAs in MEFs contrasted with the single
ZSWIM8-sensitive miRNA observed in K562
cells; this finding suggested that the scope of
TDMD is much broader in some cells than in
others. To examine a third mammalian cell
type, we investigated the effects of polyclonal
Zswim8 knockout in neurons induced from
mouse embryonic stem cells (mESCs). This anal-
ysis revealed 17 ZSWIM8-sensitive miRNAs, in-
cludingmiR-7a, miR-7b, miR-29b, and another
nine miRNAs found to be ZSWIM8-sensitive in
MEFs, aswell as five additional newly identified
ZSWIM8-sensitive miRNAs (Fig. 3, B and C, fig.
S5A, and data S2). Similar analyses identified
10 ZSWIM8-sensitivemiRNAs in human cancer
lines, of which six were identified in the HeLa
line, six in theMCF7 line, and four in theA549 line
(originating from epithelia of cervix, breast, and
lung, respectively) (fig. S5B and data S2). These
10 included miR-7, miR-29b, and orthologs of
five other ZSWIM8-sensitive miRNAs found
in mouse cells (fig. S5A). In sum, 32 ZSWIM8-
sensitivemiRNAswere identified in thesemam-
malian cells (fig. S5A), which, when added to
three TDMDsubstrates identified in othermam-
malian contexts (miR-30b, miR-30c, and miR-
671) (20, 21), brought the number of inferred
TDMD substrates to 35.

The observation that some miRNAs were
identified as TDMD substrates in some cells
but not in others presumably reflected not only
differential production of miRNAs in different
cells, but also differential expression of their
TDMD triggers. In support of this scenario,
we found that differential expression of NREP
(the mRNA that triggers miR-29b degrada-
tion) explained why miR-29b was identified
as ZSWIM8-sensitive in some cells but not
in others (fig. S5C).
We then extended our analyses beyondmam-

mals, identifying 10 miRNAs sensitive to knock-
out of the ZSWIM8 ortholog (CG34401) in
Drosophila S2 cells, each of which increased
without a corresponding increase in the pas-
senger strand (Fig. 3, B and C, and data S2).
These 10 included the DrosophilamiR-7 ortho-
log, which suggested that targeted degradation
of miR-7 might have been conserved since the
bilaterian ancestor of flies and mammals. For
each of these inferred TDMD substrates, the
fraction of tailed and trimmed isoforms in-
creaseduponCG34401knockout (fig. S4E); these
findings suggested that, as in mammals, en-
dogenous TDMD in flies is triggered by targets
that pair in a manner that exposes the miRNA
3′ termini to cytoplasmic tailing and trimming
activities.
In Caenorhabditis elegans adult animals

(which contain embryos), a null mutation in
ebax-1, the ZSWIM8 ortholog in nematodes
(44), caused an increase in levels of 10 miRNAs,
with no corresponding change in levels of their
passenger strands (fig. S5D and data S2). These
ebax-1–sensitive miRNAs included members
of the miR-35 family. Given that expression of
this family rapidly diminishes after embryos
progress beyond the four-cell stage (45), our
results imply that TDMD destabilizes mem-
bers of the miR-35 family to help clear these
miRNAs in older embryos. Other ebax-1–sensitive
miRNAs are reported to increase during heat
shock of stage 4 larva (fig. S5D) (46), which
suggests that heat shock might inhibit the
target-directed degradationnormally occurring
for these miRNAs.
InMEFs and S2 cells, two cell types inwhich

miRNAhalf-lives have been globallymeasured
(4, 5), we found that the ZSWIM8-sensitive
miRNAs tended to have shorter half-lives (Fig.
4A). Indeed, for theseZSWIM8-sensitivemiRNAs,
half-life values inversely correlatedwithZSWIM8
sensitivity (r2 = 0.79 in MEFs; r2 = 0.45 in S2
cells), which supported the idea that ZSWIM8-
mediated TDMD largely determines the half-
lives of these short-livedmiRNAs. To explore a
causal relationship between ZSWIM8 and half-
life, we examined the influence of ZSWIM8 on
the decay ofmiR-503 andmiR-322.WhenNIH
3T3 cells reenter the cell cycle after cell cycle
arrest, the production of these miRNAs drops,
and because they have relatively short half-
lives, their levels decline rapidly (9). In ZSWIM8

polyclonal knockout cells, levels of bothmiRNAs
declined much less rapidly upon cell cycle
reentry, which indicated that ZSWIM8 largely
determines the half-lives of these two short-
lived miRNAs (Fig. 4B).
Together, our global analyses of the effects

of ZSWIM8 disruption extend the inferred scope
of endogenous TDMD far beyond the four
miRNA families known as TDMD substrates
inmammals and fish (19–21) to include dozens
of miRNA families in mammals, flies, and
worms. Indeed, in cells withmeasuredmiRNA
half-lives, endogenous TDMDexplains the rapid
decay of most short-lived miRNAs.

The E3 model of TDMD

Although ZSWIM8 mediates TDMD, it does
not appear to be a nuclease. Instead, ZSWIM8
is the substrate receptor of a Cullin-RING E3
ubiquitin ligase (CRL) (44). CRLs make up the
largest class of E3 ubiquitin ligases, which
often function to target specific proteins for
ubiquitin-dependent degradation by the 26S
proteasome (47). Each CRL contains a Cullin
protein, which acts as a scaffold to link the
substrate receptor with a RING-finger protein
that binds E2 ubiquitin-conjugating enzymes,
thereby promoting ubiquitination of the sub-
strate (48). The ZSWIM8 CRL falls into an
abundant subclass of CRLs that use Elongin B
(ELOB/TCEB2) and Elongin C (ELOC/TCEB1)
as adaptor proteins to help link the substrate
receptor to a Cullin protein (44, 49). Accord-
ingly, ZSWIM8 has a Cullin box and a BC
box, required for binding Cullin and the two
Elongin proteins, respectively (Fig. 5A) (44).
In addition, ZSWIM8 has a zinc-finger SWIM
domain (a 35–aminoaciddomain initially recog-
nized in the SWI/SNF2 chromatin remodeler
and MuDR transposase), for which the protein
is named, although no molecular function has
been reported for this domain in ZSWIM8 (50).
The Cullin box, BC box, and SWIM domain all
fall within the first 208 amino acids of ZSWIM8,
which spans 1837 amino acids in human (Fig.
5A). Although the remainder of the protein has
no recognizable folds or motifs, ZSWIM8 is
conserved broadly in animals throughout most
of its length, with multiple expansive regions
of high predicted order (Fig. 5A). This con-
served and putatively structured remainder of
the protein might help to recognize substrates
and orient them for ubiquitination.
The biological functions of ZSWIM8 have

been examined most extensively in C. elegans,
where the ZSWIM8 ortholog is named EBAX-1
(Elongin BC-binding axon regulator). EBAX-1
is required for proper axon guidance, a func-
tion attributed to EBAX-1–directed degrada-
tion of misfolded SAX-3/Robo receptors in
developing neurons (44). Our finding that
EBAX-1 is also required for TDMD (fig. S5D)
suggests that miRNA misregulation might
also contribute to this phenotype. In flies, the
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ZSWIM8 ortholog is required for viability, as
indicated by the isolation of two lethal point
substitutions (a missense allele and a non-
sense allele) in a large-scale screen, which have
not been further characterized (51). In human
cells, ZSWIM8-dependent degradation of Robo,
analogous to the EBAX-1–dependent degra-

dation of C. elegans SAX-3, has been reported
(44), but other functional analyses have been
limited to genome-wide screens in cell lines.
For example, results of CRISPR screens con-
ducted in many cancer lines show that ZSWIM8
is not required for cell viability but typically
does impart a fitness advantage (52).

The discovery that ZSWIM8 is required for
TDMD, together with the established function
of ZSWIM8 as a CRL substrate receptor, sug-
gested a revised model for the molecular mech-
anismof TDMD(Fig. 5B). In thismodel, ZSWIM8
specifically recognizes theconformational changes
that occur as the TDMDtrigger extensively pairs
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Fig. 5. The E3 model of
TDMD and its interplay
with TDTT. (A) The domain
structure and conservation
of human ZSWIM8. Anno-
tated are the SWIM domain
and known interaction
motifs (44, 49, 50), pre-
dicted structural order and
disorder (58), and relative
amino acid conservation
(arbitrary units) (59). (B)
Schematic of the E3 model
of TDMD and its interplay
with TDTT (B, ELOB; C,
ELOC; E2, ubiquitin-conju-
gating enzyme; RING, RING-
finger protein; Ub, ubiqui-
tin). See main text for
description.
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Fig. 4. TDMD explains the instability of most short-lived miRNAs. (A) Rela-
tionship between miRNA half-life and ZSWIM8 sensitivity. For each miRNA guide
strand reliably quantified in contact-inhibited MEFs (left) or Drosophila S2
cells (right), its half-life in wild-type cells (4, 5) is plotted as function of the fold
change in its mean level observed upon loss of ZSWIM8, as quantified in Fig. 3B.
If both strands of a miRNA duplex accumulated to similar levels (within a factor
of 5 of each other in Zswim8 knockout cells), implying that both strands commonly
served as guide strands, then both strands were included in the analysis, with
points indicated (+ instead of •). Points for ZSWIM8-sensitive miRNAs are
colored red, as in Fig. 3B, and the line is the least-squares fit to these points

(r2, coefficient of determination; p value indicated). (B) Influence of ZSWIM8 on
miRNA decay. Top: RNA blot measuring miR-503, miR-322, and let-7f levels in
NIH 3T3 polyclonal lines expressing Cas9 and either a nontargeting control gRNA
(wild-type) or a Zswim8-targeting gRNA (table S1B). Serum was reintroduced
to serum-starved cultures, and samples were taken at the indicated times.
Bottom: miR-503 and miR-322 levels in wild-type and DZswim8 cells (gray and
red, respectively), after normalization to the loading control (let-7f) and the
0 time point of each cell line. Lines show the least-squares fit to the data
(shading, 95% confidence interval), with apparent half-lives (t1/2 values) derived
from the fit also indicated; n = 1 biological replicate.

RESEARCH | RESEARCH ARTICLE
on D

ecem
ber 18, 2020

 
http://science.sciencem

ag.org/
D

ow
nloaded from

 

http://science.sciencemag.org/


to the miRNA 3′ region, thereby directing the
polyubiquitination of AGO, causing it to be
degraded by the proteasome. As AGO is pro-
teolyzed, the miRNA is exposed to unknown
cellular exonucleases and rapidly degraded,
freeing the intact trigger, which resists degra-
dation because it has either a cap and poly(A)
tail (e.g., Cyrano) or other stabilizing features
(e.g., HSUR1).
Although it differs substantially from the

previous model of TDMD, in which tailing
marks themiRNA for trimming and ultimately
degradation by cellular nucleases without deg-
radation of AGO (8, 12), the E3 model of TDMD
is consistent with previous observations con-
cerning both TDMD and TDTT. Like the
previous model, the E3 model depends on
conformational changes observed upon ex-
tensive pairing to the miRNA 3′ region, in
which themiRNA3′ terminus dissociates from
its binding pocket in the PAZ domain of AGO
and this domain rotates as the channel within
the protein widens so that it can accommo-
date the additional pairing (8). However, in
the E3 model, the key consequence of these
changes is to create a platform for ZSWIM8
association, thereby presenting a degron. Al-
though these changes also expose the miRNA
3′ terminus for TDTT, tailing is not required
for degradation in the E3 model, consistent
with Cyrano-directed miR-7 degradation in
the absence of PAPD4-catalyzed tailing (21)
(fig. S2D). The E3 model also explains why a
specific cellular nuclease required for TDMD
has yet to be identified; as AGO is degraded,
the exposed miRNA would be the substrate of
multiple exonucleases acting redundantly. Fi-
nally, release of the intact trigger explains why
Cyrano can act with multiple turnover (21).

Additional support for the E3 model of TDMD

To investigate a role for other components of
the ZSWIM8 CRL in TDMD, we knocked down
ELOB and ELOC. ELOB and ELOC had respec-
tively scored in the top 0.2% and 12% in our
CRISPRi screen (Fig. 1E), but neither was se-
lected as a candidate for secondary screening.
Knockdown of each of these adaptor proteins
caused miR-7 accumulation to increase, with
tailing and trimming resembling that ob-
served after knocking down ZSWIM8 (Fig. 6A
and fig. S6A). Likewise, knockdown of the
gene encoding Cullin 3 caused increased miR-7
accumulation, which suggested that this pro-
tein is also a component of the ZSWIM8 CRL
(fig. S6A). As also predicted by the model, gen-
eral inhibition of ubiquitination activity by
TAK-243 (53) resulted in the increased accu-
mulation of miR-7 relative to that of a control
miRNA (miR-16) (Fig. 6B). Likewise, inhibition
of neddylation, which is required for Cullin-
mediated ubiquitination, by MLN4924 (54)
specifically increased miR-7 accumulation, as
did inhibition of proteasome-mediated pro-

teolysis by MG-132 (Fig. 6B). Furthermore, the
effects of these inhibitors on miR-7 entirely
depended on ZSWIM8 function. Thus, ZSWIM8
acts as a component of a CRL to promote TDMD
via the ubiquitin-proteasome system.
Another feature of the E3 model is the no-

tion that TDMDdoes not depend on TDTT. To
investigate this idea, we examined the effect of
modifying the terminal 2′-OH of miR-7 with a
methyl group, which inhibits miRNA tailing
and trimming (12). Although terminal 2′-O-
methylation reduced tailing and trimming of
miR-7, it did not reduce the rate of ZSWIM8-
dependentmiR-7 degradation, which indicated
that, as proposedby themodel, TDMDdoesnot
depend on TDTT (fig. S6B).
To investigate the proposal that the ZSWIM8

CRL polyubiquitinates AGO, we coimmuno-
precipitated stabilized polyubiquitinated pro-
teins from both wild-type and Zswim8-knockout
S2 cells using tagged TUBE (tandem ubiquitin-
binding entity) protein (55) that we had ex-
pressed ectopically in the cells. AGO1 protein
(theDrosophila AGO ortholog that primarily
associates with miRNAs) was not detected by
immunoblot analysis of the pull-down sam-
ples (fig. S6C); this was attributable, at least
in part, to the small fraction of AGO1 loaded
with TDMD substrates. Nonetheless, high-
throughput sequencing of small RNAs from
the polyubiquitinated and input fractions re-
vealed significant enrichment of ZSWIM8-
sensitive miRNAs in the polyubiquitinated
sample from wild-type cells relative to that
from Zswim8-knockout cells (Fig. 7A). More-
over, a strong correlation (r2 = 0.82) was
observed between ZSWIM8 sensitivity and
differential TUBE enrichment (Fig. 7A). Thus,
ZSWIM8 causes preferential association of
TDMD substrates with polyubiquitinated pro-
teins (fig. S6D)—a key feature of the E3 model
of TDMD.
To test further the idea that these poly-

ubiquitinated proteins were AGO proteins,
as would be expected if the ZSWIM8 CRL di-
rectly targets AGO proteins during TDMD, we
examined the effects of mutating AGO ly-
sines that might serve as sites of ubiquitination.
Tagged AGO2 variants possessing lysine-to-
arginine substitutions were ectopically ex-
pressed in K562i cells, and levels of both miR-7
and a control miRNA (miR-16) that coimmuno-
precipitated with each variant were measured.
We reasoned that if critical sites of ubiquiti-
nation were substituted, then TDMD would
be slowed and the relative level of copurifying
miR-7 would increase. Of the 53 lysines in hu-
man AGO2, 47 were substituted (table S2). The
six others, which included three that contact
the miRNA 5′ phosphate and three that con-
tact either the miRNA or its target within the
seed region (8), were not substituted out of
concern that they might be required for binding
of the miRNA or its targets.

When no lysines were substituted (WT), the
ratio of miR-7:miR-16 copurifying from wild-
type cells was substantially lower than that
observed in ZSWIM8-knockout cells (Fig. 7B), as
expected from our analyses of cellular miRNA
levels (e.g., Fig. 1F). When the 47 lysines were
simultaneously substituted (variant R47), the
ratio of miR-7:miR-16 copurifying from wild-
type cells increased to more closely resemble
that observed in Zswim8-knockout cells, which
indicated that at least one of the 47 substituted
lysines was required for efficient degradation
of miR-7 (Fig. 7B). The absolute amount of co-
purifying miRNAs substantially decreased in
this highly substituted variant, which was at-
tributed to reduced generic miRNA association
rather than reduced production or stability
of the protein because this and other lysine-
substitution variants each accumulated to a level
resembling that of wild-type AGO2 (fig. S7A).
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Fig. 6. Additional support for the E3 model of
TDMD. (A) Influence of ELOB and ELOC on miR-7
levels in K562i cells. Shown is an RNA blot measuring
miR-7 and miR-16 levels in cells expressing either a
nontargeting control gRNA or a gRNA targeting either
CYRANO, ELOB, or ELOC for CRISPRi-mediated
knockdown (fig. S5A). Omitted irrelevant lanes are
marked by black lines. Otherwise, as in Fig. 1F.
(B) Importance of the ubiquitin-proteasome system
and the Cullin-RING ligase activity to TDMD. Shown
are analyses of RNA blots that measured miR-7 and
miR-16 levels after inhibitor treatment of either wild-
type (gray) or knockout (DZSWIM8, red) clonal K562i
lines (table S1A). For each time point of each biological
replicate, the signal for miR-7 was normalized to that
of miR-16 and then to the miR-7 signal at 0 hours.
Lines show the least-squares fit to the results of each
treatment. **p < 0.001; n = 2 biological replicates.
MG-132 inhibits the 26S proteasome; MLN4924
inhibits Nedd8-activating enzyme (NAE); TAK-243
inhibits ubiquitin-activating enzyme (UAE/E1).
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Further analyses examined the effects of
substituting clusters of lysines mapping to
non-overlapping regions of the protein surface
(clusters 1 to 6) (fig. S7B and table S2). These
analyses identified a cluster of seven substitu-
tions (cluster 1) in R47 that when reverted to
lysines (variant R40) restored miRNA associa-
tion without restoring miR-7 degradation (Fig.

7B). Furthermore, the lysines required for effi-
cient miR-7 degradation mapped to clusters 5
and 6 (Fig. 7B and fig. S7C, variants RC5, RC6,
and RC5+6) yet were not restricted to 10 lysines
previously reported to be ubiquitinated (56),
which had no effect onmiR-7 when substituted
(fig. S7C, variant R10). Thus, multiple lysines on
the AGO2 surface—at least one within cluster 5

and at least one within cluster 6—are impor-
tant for TDMD. Most important, the ability of
these lysine-to-arginine substitutions to pheno-
copy the ZSWIM8 knockout with respect to
the specific buildup of miR-7, a TDMD sub-
strate, supportedour proposal that theZSWIM8
CRL mediates TDMD through the ubiquitina-
tion of AGO. Accordingly, we renamed CG34401
(the Drosophila ZSWIM8 ortholog) Dorado
(Dora), after a fish that preys on octopuses
from the Argonauta genus, following the pre-
cedent of the naming of Iruka (Iru), an E3
ubiquitin ligase that targets empty AGO1 (57).

Implications

One of the more surprising features of the E3
mechanism is that it decouples TDMD from
TDTT. Despite this decoupling, we anticipate
some interplay between TDTT and TDMD. To
the extent that these two phenomena act on
overlapping substrates, they might compete.
Moreover, because slight sequence differences
at the miRNA 3′ end can substantially influ-
ence the efficiency of TDMD (8), some TDTT-
mediated 3′-end modifications are expected to
either increase or decrease TDMD efficacy.
Our analyses showing that loss of ZSWIM8

caused increased accumulation of 32 miRNAs
in MEFs, neurons, or cancer cell lines have
substantially expanded the implied scope of
endogenous TDMD in mammalian cells, and
analogous experiments in Drosophila cells
and nematodes extended this scope to di-
verse bilaterian animals. Nonetheless, loss of
ZSWIM8 did not influence accumulation of
most miRNAs in each of these contexts, which
suggests that in most contexts, most miRNAs
(which have relatively long half-lives) turn
over through another mechanism. Supporting
this conclusion, the half-life of AGO2 protein is
substantially longer than that of bulk miRNA,
implying that for most miRNA-AGO com-
plexes, themiRNA decays first and the protein
is recycled (4)—a series of events incompatible
with that of the E3 TDMD mechanism. Even
so, our results indicate that most relatively
short-lived miRNAs of each cell type decay
through the E3 mechanism.
To the extent that different subsets ofmiRNAs

are short-lived in different cell types, the actual
scope of TDMD might be considerably broader
than that implied from our study of just a few
cell types. In this scenario, different transcripts
that trigger TDMD for differentmiRNAswould
be expressed in different cell types, carving away
accumulation of specific miRNAs in specific
cell types or in response to specific stimuli,
thereby creating a more complex and more
dynamic landscape of miRNA levels than that
which would have been achieved by differen-
tial miRNA production alone. Perhaps adding
to this complexity are three potential paralogs
of ZSWIM8 in mammals (ZSWIM4, ZSWIM5,
and ZSWIM6). Although these are more
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(table S1A); n = 3 biological replicates. Right: Relationship between ZSWIM8 sensitivity and the mean
enrichment observed in TUBE pull-downs from wild-type cells (WT) divided by that observed from DZswim8
cells (D). The line shows the least-squares fit to all data (r2, coefficient of determination; p value indicated).
(B) The importance of AGO2 surface lysines for TDMD. Top: RNA blot measuring miR-7 and miR-16 levels
in immunoprecipitations from either wild-type or DZSWIM8 K562i clonal cell lines (table S1A) expressing
the indicated 3×HA-tagged protein [Ø, hemagglutinin (HA)–tagged GFP; WT, HA-tagged AGO2; RX, AGO2
variant with lysine-to-arginine substitutions described in the text]. For each AGO2 variant, the ratio of
miR-7:miR-16 observed in a clonal wild-type cell line was normalized to the mean of that observed in three
clonal DZSWIM8 cell lines, and these normalized ratios are shown within each wild-type lane. Lower left:
Plot of the same normalized ratios (squares) and results of replicates performed with two other clonal lines
(circles and triangles); horizontal lines denote means. *p < 0.05, **p < 0.01, ***p < 0.001 (two-way
ANOVA followed by Tukey’s multiple-comparisons test). Lower right: Human AGO2 in the TDMD conformation
[PDB ID 6MDZ (8)], highlighting cluster 5, cluster 6, and unsubstituted lysines. The miRNA (green), TDMD
trigger (teal), and AGO domains (N, PAZ, MID, and PIWI) are indicated.
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related to each other than to ZSWIM8 and
their expression level appears to be lower than
that of ZSWIM8 (median TPM = 4.3, 3.3, 12.9,
and 45.2 for ZSWIM4, ZSWIM5, ZSWIM6,
and ZSWIM8, respectively) (43), we are
intrigued by the notion that one or more of
these potential paralogs might also mediate
TDMD, perhaps recognizing unique miRNA-
AGO-trigger conformations.
We suspect that each ZSWIM8-sensitive

miRNA has at least one target that specifies its
degradation. Identifying these TDMD triggers
is required for validating the expanded scope
of TDMD implied by our results and is critical
for exploring the biological roles of the spe-
cified degradation. The discovery of ZSWIM8
as an essential mediator of TDMD provides a
powerful biochemical and genetic tool for iden-
tifying these transcripts that trigger TDMD in
different cellular contexts and thereby sculpt
miRNA levels throughout the animal.

Methods summary

Gene knockdowns were achieved through
CRISPRi. For all knockdown experiments, ex-
cluding the CRISPRi screen, stable polyclonal
cell lines were generated by transducing K562i
cells with a lentivirus that expressed a gRNA
and a puromycin-resistance marker under con-
stitutive promoters. Both selection for puro-
mycin resistance and induction of KRAB-dCas9
began 24 hours after transduction and con-
tinued for at least 10 days before cells were
harvested. Knockdown efficiency was moni-
tored using either RT-qPCR or RNA-seq. Poly-
clonal knockouts were achieved by transduction
with a lentivirus that expressed Cas9, a gRNA,
and a puromycin-resistance marker. Selection
for puromycin resistance began 24 hours after
transduction and continued for at least 10 days
before cells were harvested. Polyclonal knock-
out efficiency was determined by sequencing
of a PCR amplicon spanning the targeted re-
gion. Clonal knockout cell lines were gener-
ated by expression of Cas9 and a gRNA from a
transiently transfected (or nucleofected) plas-
mid, followed by single-cell sorting and then
culture and screening of clones.
For RNA-blot analyses, total RNA was re-

solved on a 15% polyacrylamide denaturing gel,
blotted to a membrane, and then chemically
cross-linked to the membrane. Membranes
were probed with either a 32P-radiolabeled
locked nucleic acid corresponding to miR-7
or a 32P-radiolabeled DNA corresponding to
another miRNA. The radioactivity was then
visualized and quantified using a phosphor-
imager. For sRNA-seq, sRNAs were gel-purified
from each sample and 3′ and 5′ adaptors were
sequentially ligated to these sRNAs, which en-
abled reverse transcription, amplification, and
high-throughput sequencing. To reduce biases
and enhance reproducibility, the adaptor liga-
tion was performed using an optimized pro-

tocol, in which efficiency was monitored using
radiolabeled internal standards. The details of
each of these methods are described in the
supplementary materials.
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widely deployed to sculpt microRNA levels.
ubiquitin ligase in diverse animals and cell types deregulates numerous microRNAs, implying that this phenomenon is
ubiquitin ligase that causes degradation of AGO, thereby exposing the microRNA to cellular nucleases. Mutating the 

 elucidate the mechanism of this phenomenon. They found that pairing to the unusual targets recruits aet al.Han 
 andet al.factors that accelerate microRNA decay rather than degradation of the mRNA. Working independently, Shi 

that accelerate mRNA decay. However, for some unusual targets, the reverse occurs: Pairing to the target recruits
protein, forming a complex in which the microRNA pairs with a messenger RNA (mRNA) target and AGO recruits factors 

MicroRNAs help to regulate many genes in animal cells. Each microRNA associates with an Argonaute (AGO)
Turning the tables on microRNA decay
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