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MicroRNAs (miRNAs) are post-transcriptional regulators of gene expression that play critical roles in development
and disease. Target-directed miRNA degradation (TDMD), a pathway in which miRNAs that bind to specialized
targets with extensive complementarity are rapidly decayed, has emerged as a potent mechanism of controlling
miRNA levels. Nevertheless, the biological role and scope of miRNA regulation by TDMD in mammals remains
poorly understood. To address these questions, we generated mice with constitutive or conditional deletion of
Zswim8, which encodes an essential TDMD factor. Loss of Zswim8 resulted in developmental defects in the heart
and lungs, growth restriction, and perinatal lethality. Small RNA sequencing of embryonic tissues revealed wide-
spread miRNA regulation by TDMD and greatly expanded the known catalog of miRNAs regulated by this pathway.
These experiments also uncovered novel features of TDMD-regulated miRNAs, including their enrichment in
cotranscribed clusters and examples in which TDMD underlies “arm switching,” a phenomenon wherein the
dominant strand of a miRNA precursor changes in different tissues or conditions. Importantly, deletion of two
miRNAs, miR-322 and miR-503, rescued growth of Zswim8-null embryos, directly implicating the TDMD pathway
as a regulator of mammalian body size. These data illuminate the broad landscape and developmental role of TDMD
in mammals.
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MicroRNAs (miRNAs) are ~22-nt RNAs that negatively
regulate messenger RNA (mRNA) stability and transla-
tion (Bartel 2018). miRNAs act as obligate cofactors for
Argonaute (AGO) proteins, which they guide to target
mRNAs primarily through base-pairing interactions be-
tween the miRNA 5 end, termed the seed sequence,
and complementary sites that are most often located in
the 3’ untranslated regions (UTRs) of targets. Binding of
AGO proteins results in recruitment of deadenylation
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and decapping complexes, leading to target repression (Jo-
nas and Izaurralde 2015). Studies over the last two decades
have established that miRNA-mediated regulation is crit-
ical for development and physiology in diverse metazoan
species (Vidigal and Ventura 2015; Bartel 2018). Accord-
ingly, elaborate mechanisms that impact miRNA abun-
dance and activity have evolved to precisely control how
miRNAs are deployed to regulate gene expression (Gebert
and MacRae 2019).

Once loaded into an AGO protein, the 5 and 3’ termini
of the miRNA are deeply buried in the AGO middle (mid)
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and PIWI/AGO/Zwille (PAZ) domains, respectively,
thereby protecting the miRNA from exonucleolytic de-
cay (Elkayam et al. 2012; Schirle and MacRae 2012). As
a result, miRNAs are typically extremely stable, with
half-lives extending to days or weeks in vivo (van Rooij
et al. 2007; Gatfield et al. 2009; Kingston and Bartel
2019). Nevertheless, the existence of miRNAs with ac-
celerated decay rates, first observed in mammalian cell
lines (Hwang et al. 2007; Bail et al. 2010; Krol et al.
2010; Gantier et al. 2011; Rissland et al. 2011; Guo
et al. 2015; Marzi et al. 2016; Kingston and Bartel 2019;
Reichholf et al. 2019), foreshadowed the discovery of
mechanisms that carry out sequence-specific miRNA
degradation. Of the reported mechanisms of accelerated
miRNA turnover, the most extensively studied is target-
directed miRNA degradation (TDMD). TDMD is trig-
gered when a miRNA engages specialized target sites
with extended complementarity to both the seed se-
quence and the miRNA 3’ end. This miRNA decay path-
way was initially discovered as a mechanism used by
viruses to remodel host miRNA expression (Cazalla
et al. 2010; Libri et al. 2012; Marcinowski et al. 2012;
Lee et al. 2013) and simultaneously was shown to be
induced by expression of highly complementary syn-
thetic miRNA targets in Drosophila and human cells
(Ameres et al. 2010). The subsequent identification of
endogenous mammalian transcripts that function as
triggers for TDMD (specifically Cyrano, Nrep, and Ser-
pinel, which promote decay of miR-7, miR-29b, and
miR-30b/c, respectively) established that this pathway
is used as a natural mechanism to regulate the abun-
dance of specific miRNAs in vivo (Bitetti et al. 2018;
Ghini et al. 2018; Kleaveland et al. 2018).

Multiple studies recently reported the discovery of a
cullin-RING ubiquitin ligase (CRL) complex containing
the substrate adapter protein ZSWIMS as a key mediator
of TDMD (Han et al. 2020; Shi et al. 2020). The extensive
complementarity between miRNAs and TDMD-inducing
targets results in a conformational change in AGO (Sheu-
Gruttadauria et al. 2019) that is believed to be specifically
recognized by the ZSWIMS8 complex. This results in AGO
ubiquitylation, degradation by the proteasome, and conse-
quent release of the miRNA for decay by cytoplasmic nu-
cleases. When engaged with TDMD-inducing targets, the
extended base pairing of the miRNA 3’ end also results in
its release from the AGO PAZ domain (Sheu-Gruttadauria
et al. 2019). This renders it susceptible to the activity of
polymerases that add nontemplated nucleotides or exori-
bonucleases that remove nucleotides, a process termed
tailing and trimming (Ameres et al. 2010). Although tail-
ing and trimming are not essential for the activity of the
ZSWIMS8 complex or degradation of the miRNA (Han
et al. 2020; Shi et al. 2020), their strong correlation with
the TDMD pathway has proven to be a useful feature for
identifying TDMD-inducing target transcripts (Li et al.
2021).

These advances in our understanding of the mechanism
of TDMD have enabled broader investigation of the land-
scape of miRNAs that are regulated by this pathway in
model organisms and cell lines. Indeed, loss of function
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of ZSWIMS or its orthologs (EBAX-1 in Caernorhabditis
elegans and Dora in Drosophila), coupled with small
RNA sequencing, has revealed dozens of miRNAs that
are strongly regulated by TDMD in mammalian cell lines
(Han et al. 2020; Shi et al. 2020), Drosophila cell lines and
embryos (Shi et al. 2020; Kingston et al. 2022), and adult C.
elegans (Shi et al. 2020). For a subset of the newly identi-
fied mammalian and Drosophila TDMD-regulated
miRNAs, decay-inducing target sites in both coding and
noncoding transcripts that exhibit complementarity to
both the miRNA seed sequence and 3’ end have been iden-
tified (Li et al. 2021; Kingston et al. 2022; Sheng et al.
2023). Interestingly, in C. elegans, miRNAs belonging to
the miR-35 family are degraded at the embryo to L1 tran-
sition in an EBAX-1-dependent manner, suggesting that
they are additional substrates of the TDMD pathway
(Donnelly et al. 2022). Nevertheless, degradation of these
miRNAs relies only on their seed sequences, without a
requirement for 3’ complementarity, suggesting the exis-
tence of alternative modes of recruiting ZSWIMS ortho-
logs for decay of specific miRNAs in worms and
possibly other species.

The discovery of the ZSWIMS8 complex has also allowed
exploration of the biological roles of TDMD in animals.
Dysregulation of miRNAs in Dora mutant Drosophila re-
sults in embryonic lethality and abnormal cuticle devel-
opment, establishing an essential role for TDMD in
development in flies (Kingston et al. 2022). Disentangling
the developmental functions of ZSWIM8 homologs in C.
elegans and mammals, however, has proven more chal-
lenging. Worms lacking EBAX-1 are viable and morpho-
logically normal but exhibit an axon guidance defect
that has been attributed to EBAX-1-mediated degradation
of misfolded SAX-3, a receptor required for axonal path-
finding (Wang et al. 2013). Conditional deletion of
Zswim8 in mouse brains leads to incompletely penetrant
perinatal lethality, reduced body size, and widespread
neurodevelopmental abnormalities (Wang et al. 2023).
These defects were reported to result, at least in part,
from loss of ZSWIMS8-mediated degradation of misfolded
DABYI, a factor with pleiotropic functions in neuronal de-
velopment. Thus, the role of TDMD in mammalian devel-
opment and physiology, and the landscape of mammalian
miRNAs regulated by this pathway in vivo, remain to be
determined.

To address these outstanding questions, we generated
mice harboring germline-transmitted and conditional
Zswim8 loss-of-function alleles. We observed several
highly penetrant phenotypes in Zswim8~/~ mice, includ-
ing growth restriction in the developing embryo, defects
in heart and lung development, and perinatal lethality.
Small RNA sequencing of late embryonic tissues revealed
widespread regulation of miRNAs by TDMD in vivo and
greatly expanded the known set of miRNAs regulated by
this pathway in mammals. Importantly, we demonstrated
that stabilization of two cotranscribed miRNAs, miR-322
and miR-503, plays a causative role in growth restriction
of Zswim8/~ embryos, thus establishing the TDMD
pathway as a potent regulator of body size during mamma-
lian development.



Results

Loss of ZSWIMS causes perinatal lethality
and developmental defects in mice

To investigate the biological role of TDMD in mammals,
we used CRISPR/Cas9 genome editing of mouse zygotes
to generate multiple constitutive and conditional Zswim8
loss-of-function alleles. To achieve global loss of function,
dual single-guide RNAs (sgRNAs) were used to delete
Zswim8 exons 2-7, which encode the BC-box and
Cullin-2-box necessary for formation of the ZSWIMS8
CRL complex (Wang et al. 2013), as well as the conserved
SWIM domain (Fig. 1A). Loss of these exons is also predict-
ed to result in a frameshift mutation that introduces a pre-
mature termination codon. Mice homozygous for this
allele are referred to here as Zswim8~/~. Additionally,
we generated a conditional knockout allele by introducing
loxP sites flanking exon 2 (Fig. 1A). Loss of this exon re-
moves the BC-box and Cullin-2-box and disrupts the
Zswim8 reading frame. Animals homozygous for this al-
lele are referred to as Zswim8"/F.

Mice heterozygous for the exon 2-7 deletion were inter-
crossed to determine the consequences of global ZSWIMS8
loss of function. Whereas wild-type and heterozygous an-
imals were present at the expected frequencies at weaning
(postnatal day 21 [P21]), no Zswim8~/~ mice were ob-
served at this time point (Fig. 1B). To determine at which
stage Zswim8~/~ mice were lost, timed matings were per-
formed and litters were delivered by cesarean section at
embryonic day 18.5 (E18.5). At this stage, all genotypes
were observed at the expected Mendelian frequencies
(Fig. 1B). We noted, however, that Zswim8~/~ pups exhib-
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ited agonal breathing and died shortly after delivery. Fur-
thermore, no Zswim8~/~ mice survived to P1 (Fig. 1B).
Thus, loss of Zswim8 results in perinatal lethality in
mice.

To determine the cause of perinatal death, we further
examined Zswim8~/~ embryos at E18.5. Western blotting
confirmed the expected loss of ZSWIMS protein in knock-
out tissues (Fig. 1C). Zswim8~/~ embryos were signifi-
cantly smaller than their wild-type and heterozygote
littermates, with a >20% reduction in overall body weight
(Fig. 2A,B). A complete necropsy of Zswim8~/~ embryos
further revealed overt and highly penetrant defects in
heart morphology at this time point. Hearts from knock-
out animals were grossly smaller and globose in shape,
lacking a distinct apex (Fig. 2C). Histologic analysis re-
vealed dilated ventricular cavities with thinning and non-
compaction of ventricular walls (Fig. 2D). We additionally
observed ventricular septal defects (VSDs) in approxi-
mately one-third of Zswim8~/~ hearts (Supplemental
Fig. S1A).

To determine whether abnormal cardiac development
was the cause of perinatal lethality, we crossed mice car-
rying the floxed Zswim8 allele to mice harboring a
Nkx2.5-Cre transgene that is expressed as early as E7.5
in the cardiac crescent and in the majority of heart tube
progenitor cells (McFadden et al. 2005). Although we ob-
served a slight undertransmission of the Nkx2.5-Cre
transgene overall, Nkx2.5-Cre; Zswim8*/* and Nkx2.5-
Cre; Zswim8"/F mice were equally represented at P21
(Supplemental Fig. S1B). Moreover, the body weights of
Nkx2.5-Cre; Zswim8/F mice at E18.5 were equivalent
to control animals (Supplemental Fig. S1C). Notab-
ly, Nkx2.5-Cre; Zswim8®/F mice exhibited developmental
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heart defects that resembled those observed in Zswim8~/~
embryos, including less defined apices and dilation of the
ventricles, though these phenotypes were less severe than
those observed in global knockout animals (Supplemental
Fig. S1D). Quantitative PCR documented successful re-
combination of the floxed allele in Nkx2.5-Cre;
Zswim8"/F hearts (Supplemental Fig. S1E). Although a sig-
nificant fraction of detectable alleles remained unrecom-
bined, this was likely due in part to a contribution from
noncardiac lineages. Overall, these data demonstrated
that intrinsic deficiency of ZSWIMS in the embryonic
heart impairs cardiac development, but these abnor-
malities may not account for perinatal lethality of
Zswim8~/~ mice. It remains possible, however, that earli-
er and/or complete loss of the protein in developing hearts
of germline Zswim8 knockout animals produces more
severe cardiac defects that are incompatible with postna-
tal viability.

Seeking other potential causes of neonatal death of
Zswim8~/~ mice, we next examined the lungs of these an-

A B
Zswim8** Zswim8*- Zswim8"-
e C
z
K=
(9]
<
Cc D
Zswim8*~ Zswim8**

E Zswimg+*

Body weight

ok

imals. Defects in lung development are a common cause
of perinatal lethality (Turgeon and Meloche 2009) and
were of particular interest due to the agonal breathing dis-
played by newborn Zswim8~/~ mice. At E16.5, mouse
lungs enter the canalicular stage of development, in
which the respiratory tree expands and is vascularized
(Warburton et al. 2010). This is followed by the saccular
stage, extending from E17.5 to P5, during which thinning
of the septa occurs, alveolar airspaces expand, and epithe-
lial cells differentiate into the alveolar type I and type II
pneumocytes to produce surfactant. Lungs were harvested
from E18.5 Zswim8*/* and Zswim8~/~ mice before ani-
mals initiated breathing. As expected, wild-type lungs dis-
played features characteristic of the mid to late saccular
stage of development, with emerging airspaces and thin-
ning alveolar septa (Fig. 2E,F). Lungs from Zswim8~/~ em-
bryos, in contrast, appeared less mature, with less
expanded saccules, thicker septa, and minimally expand-
ed terminal airspaces. These findings were indicative of
the late canalicular stage of development. Thus, ZSWIMS8

Figure 2. ZSWIMBS deficiency leads to growth
restriction and defective heart and lung devel-
opment. (A) Images of E18.5 mice of the indi-
cated genotypes. (B) Body weights of E18.5
mice of the indicated genotypes. n=25
Zswim8**, n=47  Zswim8*~, n=30
Zswim8~/~. Data are represented as mean =
SD, with individual data points shown. (****)
P<0.0001 (unpaired t-test). (C) Images of
E18.5 hearts of the indicated genotypes. (D-F)
Representative hematoxylin and eosin (H&E)-
stained sections of E18.5 hearts (D) and lungs
(E,F) of the indicated genotypes.
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deficiency resulted in delayed lung development, provid-
ing a likely explanation for respiratory failure in newborn
Zswim8~/~ mice. Altogether, these results established an
essential role for ZSWIMS8 in mammalian development,
with critical roles in organogenesis of the heart and lungs
and in regulation of body size.

The landscape of TDMD-regulated miRNAs
in mammalian tissues

We hypothesized that the stabilization of miRNAs that
are normally degraded through the TDMD pathway con-
tributes to the developmental defects observed in
Zswim8~/~ mice. To identify such miRNAs and to com-
prehensively characterize the landscape of mammalian
miRNAs that are regulated by TDMD in vivo, we per-
formed small RNA sequencing on a broad panel of tissues
from E18.5 Zswim8*/* and Zswim8~/~ mice (brain, heart,
lung, liver, small intestine, kidney, skin, and stomach).
These studies revealed numerous miRNAs that were
strongly up-regulated in Zswim8~/~ tissues (Fig. 3A; Sup-
plemental Table S1). To distinguish between miRNAs
that were up-regulated due to increased transcription or
processing, possibly as a secondary consequence of the
developmental abnormalities in ZSWIMS8-deficient tis-
sues, and those whose stability was increased due to abro-
gation of TDMD, we examined both strands of each
miRNA duplex. TDMD occurs after the loading of the ma-
ture miRNA into AGO (Han et al. 2020; Shi et al. 2020),
which separates it from the opposite strand of the pro-
cessed miRNA duplex, also known as the passenger strand
or miRNA*. As a consequence, direct TDMD substrates
are expected to be up-regulated upon loss of ZSWIMS8
without an increase in abundance of the opposite strand.
On the basis of this criterion, we detected 57 miRNAs
that behaved as direct substrates of the TDMD pathway
in at least one tissue, thereby nearly doubling the known
number of miRNAs regulated by TDMD in mammals
(Fig. 3B). While many miRNAs were broadly controlled
by TDMD across all sequenced tissues, some were regu-
lated in a tissue-specific manner, suggesting the restricted
expression of the target transcripts that induce their de-
cay. Northern blotting of a selected panel of miRNAs con-
firmed their robust up-regulation in ZSWIMS8-deficient
tissues (Fig. 3C; Supplemental Fig. S2).

During the loading of miRNAs into AGO, the strands of
the processed miRNA duplex are discriminated such that
loading of the mature miRNA, or guide strand, is favored,
while the dissociated passenger strand is discarded and de-
graded (Kim et al. 2009). Consequently, the more abun-
dant strand is generally defined as the guide, and the less
abundant strand is designated the passenger, although ex-
amples in which both strands are loaded and regulate tar-
gets have been described (Medley et al. 2021). We observed
that 12 of the 57 ZSWIM8-regulated miRNAs represented
the normally less abundant strand of the miRNA
duplex (miR-99a-3p, miR-99b-3p, miR-149-3p, miR-154-
3p, miR-335-3p, miR-379-3p, miR-411-3p, miR-429-5p,
miR-652-5p, miR-702-5p, miR-3102-5p, and miR-3544-
5p), suggesting that these miRNAs are loaded into AGO
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and actively engage targets despite being annotated as pas-
senger strands. For four of these miRNAs (miR-154, miR-
335, miR-411, and miR-3544), the normally less abundant
strand became the more abundant strand in one or more
ZSWIMS-deficient tissues (Fig. 4A). The phenomenon in
which the dominant strand of a miRNA duplex changes
in different cell types or conditions has been referred to
as “arm switching” and is generally believed to be a mech-
anism for regulating miRNA activity that operates at the
AGO loading step (Grimson et al. 2008; Marco et al. 2010;
Cloonan et al. 2011; Griffiths-Jones et al. 2011; Li et al.
2011, 2012). Our data suggested that some examples of
arm switching may be a consequence of differential regu-
lation of specific miRNA strands by the TDMD pathway.
For example, miR-154, amiRNA that has been reported to
undergo arm switching (Cheng et al. 2013), exhibits 3’ (3p)
dominance in the brain, intestine, liver, and lungs while
exhibiting 5p dominance in the heart, kidneys, skin, and
stomach (Fig. 4A). In Zswim8~/~ mice, however, all tis-
sues exhibit a strong miR-154-3p bias, suggesting that dif-
ferential regulation of the 3p strand by TDMD across
tissues most likely accounts for the apparent arm switch-
ing of this miRNA.

Another interesting feature of mammalian TDMD sub-
strates is their organization in clusters. While ~25% of all
miRNAs are encoded in clusters (Kabekkodu et al. 2018),
we observed that 36 out of 57 TDMD-regulated miRNAs
(63% ) were organized in this manner. This enrichment for
clustered miRNAs is more than expected by chance (P <
0.0001, x* test). In total, we detected members of 14 differ-
ent miRNA clusters that were regulated by TDMD, nota-
bly including miRNAs encoded in a very large imprinted
cluster on mouse chromosome 12 and members of the on-
cogenic miR-17-92 and paralogous clusters, among others
(Fig. 4B; Supplemental Fig. S3). In some cases, individual
cluster members were regulated by TDMD across all ex-
amined tissues, such as miRNAs derived from the im-
printed chromosome 12 cluster and the miR-322-450b
cluster (Fig. 4B). In other instances, clustered miRNAs
were only regulated by TDMD in specific tissues, as ex-
emplified by members of the miR-466 cluster (Supple-
mental Fig. S3). Considering that clustered miRNAs are
generally cotranscribed, these results demonstrate that
the TDMD pathway is used as a means to post-transcrip-
tionally regulate the expression of individual miRNAs
within clusters in a tissue-specific manner.

Tailing and trimming of TDMD-regulated miRNAs

It has been shown that extensive complementarity be-
tween the 3’ region of a miRNA and a TDMD-inducing tar-
get can stimulate the addition or removal of nucleotides
from the miRNA 3’ end, a process known as tailing and
trimming (Ameres et al. 2010). Although tailing and trim-
ming are not required for TDMD (Han et al. 2020; Shi
et al. 2020), their association with this pathway has been
used as a feature to identify target transcripts that promote
TDMD (Li et al. 2021). Moreover, in cell lines, loss of
ZSWIMBS can increase the abundance of tailed and trimmed
miRNAs that are normally regulated by TDMD (Han et al.
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Figure 3. The landscape of TDMD-regulated miRNAs in mouse embryonic tissues. (A) Small RNA sequencing of E18.5 tissues. Red dots
show miRNAs that were significantly up-regulated in Zswim8~/~ relative to Zswim8*/* tissues (P<0.05; FDR <0.05) without a corre-
sponding increase in the opposite strand derived from the same precursor (labeled with blue dots). n =3 biological replicates per genotype.
(LogFC) Log, fold change, (LogCPM) log, counts per million in Zswim8*/* tissue. (B) Heat map showing log, fold change of all TDMD-
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2020; Shi et al. 2020), presumably by stabilizing the interac-
tion between miRNAs and TDMD-inducing targets that
leads to modification of the miRNA 3’ end. Our Northern
blot analyses confirmed that a subset of TDMD-regulated
miRNAs in mouse tissues undergoes tailing and trimming
(Fig. 3C; Supplemental Fig. S2). To examine this phenome-
non more globally, the proportion of tailed or trimmed
miRNA species in small RNA sequencing data from
Zswim8** and Zswim8~/~ mice was assessed. We ob-
served a wide range of tailing and trimming of TDMD sub-
strates in all tissues, with some miRNAs exhibiting
negligible 3’ modification (Supplemental Fig. S4A,B; Sup-
plemental Table S2). In most tissues, the overall magnitude
of tailing or trimming of TDMD substrates was not higher
than the tailing or trimming of all other miRNAs, consis-
tent with the existence of TDMD-independent pathways
that modify miRNA 3’ ends (Shukla et al. 2019; Jeong
et al. 2023). Nevertheless, the increase in tailing and trim-
ming of individual miRNAs observed upon loss of ZSWIMS8
was greater for TDMD substrates compared with non-
TDMD-regulated miRNAs in nearly all tissues (Fig. 5A,B).
In half of the examined tissues, the magnitude of regulation
of amiRNA by TDMD was positively correlated with its in-
creased tailing and/or trimming upon loss of ZSWIMS (Fig.
5C; Supplemental Fig. S4C). Overall, these data confirmed
that while many miRNAs undergo tailing and trimming
in vivo, the abundance of tailed and trimmed isoforms of
TDMD-regulated miRNAs is more sensitive to depletion
of ZSWIMS8 compared with miRNAs that are not regulated
by this pathway. The fact that a subset of TDMD-regulated
miRNAs do not undergo tailing and trimming may indicate
that some miRNAs engage in alternative base-pairing con-
figurations with their cognate TDMD-inducing triggers
that do not expose the miRNA 3’ end.

Growth restriction of Zswim8~/~ mice is attributable
to up-regulation of miR-322 and miR-503

Among the most abundant miRNAs that were regulated by
TDMD across multiple tissues were miR-322 and miR-503
(Fig. 3A,B), which are cotranscribed as part of a larger clus-
ter of miRNAs located on the X chromosome (Fig. 4B).
These miRNAs have previously been identified as TDMD
substrates in murine cell lines (Rissland et al. 2011; Shi
et al. 2020). As members of the miR-15/16 family, a highly
studied group of miRNAs that regulate the cell cycle and
apoptosis (Aqgeilan et al. 2010), we wondered whether dysre-
gulation of miR-322 and miR-503 contributed to the devel-
opmental abnormalities observed in Zswim8~/~ mice. To
investigate this possibility, Cas9 and dual sgRNAs were
used to generate mice harboring a genomic deletion encom-
passing these miRNAs (Fig. 6A). As reported previously
(Llobet-Navas et al. 2014), loss of these miRNAs had no ef-
fect on embryonic viability, and mice carrying the knock-
out allele were present at Mendelian ratios at weaning
(Supplemental Fig. S5A,B). Northern blotting confirmed
the complete loss of expression of miR-322 and miR-503
in knockout tissues (Fig. 6B).

Mice carrying null alleles of miR-322/503 and Zswim8
were then intercrossed to generate double-knockout ani-
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mals. As observed in Zswim8 single-knockout mice, female
Zswim8~/~; miR-322/5037/~ and male Zswim8~/~; miR-
322/5037~/¥ mice died shortly after birth and were not pre-
sent at weaning (Supplemental Fig. S5A,B). In line with
the observed perinatal lethality of these animals, E18.5 dou-
ble-knockout mice exhibited malformed, globose hearts
with poorly defined apices and VSDs, as well as immature
lungs at the late canalicular stage (Fig. 6C-E; Supplemental
Fig. S5C). In contrast to these similarities between Zswim8
single-knockout mice and Zswim8; miR-322/503 double
knockouts, we observed that loss of miR-322 and miR-503
was sufficient to rescue embryonic growth of ZSWIMS-defi-
cient mice (Fig. 6F-H). Analysis of body weights of E18.5 fe-
male mice enabled determination of the contribution of
individual miR-322/503 alleles to embryonic body size.
Haploinsufficiency of miR-322/503 resulted in significantly
larger Zswim8~/~ embryos but did not significantly impact
body weight in Zswim8*/* mice (Fig. 6G). Homozygous loss
of these miRNAs led to a full normalization of body size in
the Zswim8~/~ background while also significantly increas-
ing the growth of wild-type embryos. In males, where only
complete absence of miR-322 and miR-503 could be exam-
ined since these miRNAs are encoded on the X chromo-
some, we again observed that deletion of miR-322/503
increased body size in Zswim8*/* animals but had a stronger
effect in Zswim8~/~ mice, fully rescuing body size in this
setting (Fig. 6H). Together, these results demonstrated
that the miR-322/503 locus is a dose-dependent negative
regulator of embryonic growth and revealed that up-regula-
tion of the encoded miRNAs contributed to the small body
size phenotype of Zswim8~/~ mice. These data therefore es-
tablished the TDMD pathway as a regulator of embryonic
growth in mammals.

Discussion

TDMD was initially discovered as a mechanism of
miRNA decay that can be induced by exogenously intro-
duced targets, including transcripts encoded by viruses
and synthetic targets with extensive miRNA complemen-
tarity (Ameres et al. 2010; Cazalla et al. 2010). The subse-
quent identification of a select group of endogenous
miRNA:target pairs that trigger TDMD demonstrated
that this pathway is a physiologic mechanism used to con-
trol miRNA abundance, though the number of known
TDMD substrates remained limited (Bitetti et al. 2018;
Ghini et al. 2018; Kleaveland et al. 2018; Li et al. 2021).
The recent discovery of the ZSWIMS8 ubiquitin ligase,
which is essential for miRNA decay by TDMD (Han
et al. 2020; Shi et al. 2020), has now enabled the direct ex-
perimental analysis of the scope and biological role of this
pathway in diverse metazoan species (Kingston et al.
2022). Here we report the phenotypic consequences of
ZSWIMS loss of function in mice and characterize the
landscape of TDMD-regulated miRNAs in mammalian
tissues. These studies revealed that the TDMD pathway
is required for normal mammalian development and is es-
sential for establishing the appropriate expression of a
broad set of miRNAs in vivo.
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Figure 4. TDMD regulates nondominant miRNA strands, arm switching, and clustered miRNAs. (A) Stacked bar graphs showing the rel-

ative abundance of 5p and 3p strands of the indicated miRNAs in E18

5 tissues from Zswim8** or Zswim8~/~ mice. (B) Schematic re-

presentation of miRNA clusters encoding TDMD-regulated miRNAs. Heat maps display log, fold change of miRNA expression
(Zswim8~/~/Zswim8*/*) for each cluster member across tissues. miRNAs labeled in red text are TDMD substrates in at least one tissue.

Global loss of ZSWIMS resulted in an array of develop-
mental defects in mice, including malformed hearts, im-
mature lungs, and embryonic growth restriction,
ultimately leading to fully penetrant perinatal lethality.
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Cardiac-specific loss of ZSWIMS8 partially recapitulated
the observed defects in heart development but did not re-
sult in perinatal death. While the survival of heart-specific
Zswim8 knockout mice could be due to depletion of
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ZSWIMS at a later developmental time point compared
with germline knockout animals, we speculate that de-
layed development of Zswim8~/~ lungs likely contributed
to postnatal inviability, given that newborn animals ex-
hibited clear signs of respiratory distress. Future studies
using lung-specific Cre driver lines are warranted to fur-
ther investigate the role of ZSWIMS in the developing
lungs.

The survival of Zswim8~/~ mice to birth enabled a com-
prehensive analysis of the repertoire of TDMD-regulated
miRNAs in a broad set of late embryonic tissues. These
studies revealed several notable features of the mammali-
an TDMD pathway. First, we detected 57 miRNAs that
behaved as TDMD substrates in at least one tissue, as de-
fined by a statistically significant increase in the abun-
dance of the miRNA in Zswim8/~ mice without an
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increase in the opposite strand derived from the same pre-
cursor. Prior to this study, two mammalian miRNAs were
identified as TDMD substrates in mouse tissues (Bitetti
et al. 2018; Kleaveland et al. 2018), and another 32 miR-
NAs were shown to be regulated by this pathway in mam-
malian cell lines (Ghini et al. 2018; Han et al. 2020; Shi
et al. 2020; Li et al. 2021). Our results therefore consider-
ably expand the known catalog of TDMD-regulated miR-
NAs and suggest that this miRNA turnover pathway may
be more active in vivo compared with cell lines. We spec-
ulate that this increased repertoire of TDMD substrates
may reflect a need to efficiently clear specific miRNAs
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during rapidly timed developmental transitions that are
not modeled in cultured cells where mammalian TDMD
has been previously studied. Additionally, it may be ad-
vantageous to regulate miRNAs via TDMD in terminally
differentiated, nondividing cells in somatic tissues since,
in contrast to cell lines, miRNAs cannot be diluted by
cell division upon transcriptional shutoff in this setting.
A second major feature of TDMD-regulated miRNAs in
mammals is their frequent organization in genomic clus-
ters. Thirty-six out of the 57 TDMD-regulated miRNAs
are derived from clusters, representing significant
enrichment. Since clustered miRNAs are generally



cotranscribed, TDMD appears to be regularly used as a
mechanism to uncouple the expression of individual clus-
ter members. Third, we identified examples of miRNAs in
which the nondominant strand was strongly regulated by
TDMD and, in some cases, became the dominant strand
in specific ZSWIMS-deficient tissues. This observation
suggests that some examples of the previously described
phenomenon of “arm switching,” in which the dominant
miRNA strand from a miRNA precursor varies across cell
types or conditions, may be due to selective decay of one
miRNA strand by the TDMD pathway. Indeed, we found
that tissue-specific differences in the magnitude of down-
regulation of the 3p strand of miR-154 by TDMD provides
a mechanistic explanation for the reported arm switching
of this miRNA across tissues (Cheng et al. 2013). Alto-
gether, these data illuminate the broad scope of TDMD
in mammalian tissues and reveal previously unrecognized
roles for this pathway in shaping miRNA expression in
vivo.

The phenotypic consequences of ZSWIMS loss of func-
tion vary across metazoan species. In C. elegans, loss of
the ZSWIMS ortholog EBAX-1 results in neuromuscular
defects, reduced egg laying, and decreased male mating
(Wangetal. 2013). Deficiency of Dora, the ZSWIMS ortho-
log in Drosophila, leads to embryonic lethality and defec-
tive cuticle development (Kingston et al. 2022). As
reported here, mouse ZSWIMS is essential for normal
heart and lung development, embryonic growth, and post-
natal viability. However, as a component of a ubiquitin li-
gase complex, ZSWIMS8 may regulate the stability of
multiple proteins in addition to AGO, thus complicating
the interpretation of these phenotypes. Indeed, ZSWIMS8
homologs in C. elegans and mice have been reported to
impact neurodevelopmental phenotypes by controlling
the stability of proteins involved in axon guidance and
brain development (Wang et al. 2013, 2023). Thus far,
the strongest evidence that the TDMD pathway itself
plays an important role in regulating miRNA expression
during development comes from studies of Drosophila.
Reduction of the dose of the TDMD-regulated miRNAs
miR-3 and miR-309 partially rescued embryonic lethality
in Dora mutant flies, and loss of the target transcript that
triggers TDMD of the miR-310 family impaired cuticle
development (Kingston et al. 2022). Thus, in Drosophila,
regulation of miRNA expression by the TDMD pathway
is essential for normal development. Our findings report-
ed here now extend this principle to mammals. Specifi-
cally, we demonstrated that reduced dosage of the
TDMD-regulated miRNAs miR-322 and miR-503 rescued
embryonic growth in ZSWIMS8-deficient mice. Loss of a
single allele of the miR-322/503 locus significantly in-
creased body size in Zswim8~/~ embryos without affect-
ing growth of wild-type embryos, while complete loss of
these miRNAs increased body size in all genotypes. These
results demonstrate that miR-322 and miR-503 function
as dose-dependent regulators of embryonic growth, and
the strongly elevated expression of these miRNAs in
ZSWIMS-deficient embryos plays a causative role in the
growth restriction phenotype. While the specific targets
of miR-322 and miR-503 that mediate their growth-sup-
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pressive effects remain to be determined, the previously
established roles for these miRNAs in regulation of the
cell cycle and insulin-like growth factor signaling are
promising directions for future investigation, given the
central roles of these pathways in mammalian body size
regulation (Conlon and Raff 1999; Linsley et al. 2007; Riss-
land et al. 2011; Llobet-Navas et al. 2014). Further studies
in which the dosage of other TDMD-regulated miRNAs is
reduced in ZSWIMS8-deficient mice or in which TDMD-
inducing target sites are ablated will be important to
determine whether miRNA dysregulation underlies de-
fective heart and lung development in Zswim8/~
embryos.

Looking ahead, a major challenge for the future will be
identifying the target sites that trigger decay of the broad
set of TDMD-regulated miRNAs described here. Only
four endogenous mammalian TDMD triggers have been
identified to date (Bitetti et al. 2018; Ghini et al. 2018;
Kleaveland et al. 2018; Li et al. 2021), leaving dozens left
to be discovered. In order to address this deficit, all modes
of target:miRNA interaction that are capable of triggering
TDMD must be determined. All known examples of
TDMD triggers in mammals exhibit extensive comple-
mentarity to both the seed region and 3’ end of the
miRNA. Recent work from C. elegans, however, has dem-
onstrated that the ZSWIMS8 ortholog EBAX-1 can promote
the degradation of specific miRNAs in a manner depend-
ing only on the seed sequence (Donnelly et al. 2022).
This raises the possibility of alternative base-pairing con-
figurations between some miRNAs and their TDMD-in-
ducing targets in mammals. Interestingly, tailing and
trimming of miRNAs have been associated with exten-
sive 3’ complementarity to the target, which removes
the miRNA 3’ end from the AGO PAZ domain and expo-
ses it to the activity of terminal transferase and exonucle-
ase enzymes (Ameres et al. 2010; Sheu-Gruttadauria et al.
2019; Yang et al. 2020). While many mammalian TDMD
substrates exhibit tailing and trimming, some do not, rais-
ing the possibility that this latter class of miRNAs may be
targeted for TDMD by alternative base-pairing configura-
tions. In these cases, biochemical methods such as cross-
linking and immunoprecipitation (CLIP) (Lee and Ule
2018), which could identify RNAs associated with
ZSWIMS, might be informative for target identification.
Further identification of TDMD triggers and their sub-
strates will be critical for delineating the functions of
this important miRNA regulatory pathway in physiology
and disease.

Materials and methods

Generation and analysis of genetically engineered mice

All mouse experiments were approved by the University of Texas
Southwestern Medical Center Animal Care and Use Committee
and performed in accordance with National Institutes of Health
guidelines (animal protocol 2017-102001). Mice were group-
housed under conventional conditions in a 12-h day/night cycle
with ad libitum availability of normal chow diet (Harlan Teklad
TD2916) and water. Nkx2.5-Cre mice were generously provided
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by Dr. Eric Olson and Dr. Rhonda Bassel-Duby (University of
Texas Southwestern).

Zswim8~'~, miR322/5037/~, and Zswim8"/F mice were gener-
ated using CRISPR/Cas9-mediated genome editing at the Univer-
sity of Texas Southwestern Transgenic Core. To generate
Zswim8~'~ and miR322/5037/~ mice, Cas9 protein in complex
with sgRNAs (Integrated DNA Technologies) were either micro-
injected or electroporated into the cytoplasm of fertilized C57BL/
6] fertilized eggs. To generate Zswim8/F mice, loxP-containing
megamer oligos (Integrated DNA Technologies) were coinjected
with Cas9-sgRNA complexes into the pronucleus of fertilized
C57BL/6 eggs. Sequences of sgRNAs and megamer are in Supple-
mental Table S3. Founders carrying the desired alleles were main-
tained in a pure C57BL/6] background with continuous
backcrossing. For timed matings, the morning of detection of vag-
inal plug was defined as E0.5.

Phenotyping of embryos was performed at E18.5 after delivery
by caesarean section. Embryos were weighed and imaged before
sacrificing. Tissues were fixed in 10% neutral-buffered formalin
(Sigma) overnight, followed by paraffin embedding and sectioning
for H&E staining. Tissue sections were imaged using a Zeiss Axio
Observer Z1 microscope, and whole-mount images were generat-
ed using a Nikon SMZ800N with NIS Elements software (Nikon).
High-resolution composite images of the entire section (heart and
lungs) were captured using tiling and stitching functions of Zen
Pro 3.4 software (Blue edition; Zeiss).

Western blotting

Brains from E18.5 mice were homogenized in lysis buffer (40 mM
HEPES at pH 7.4, 2 mM EDTA, 2 mM EGTA, 150 mM NaCl, 1%
Triton X-100) supplemented with 1x complete protease inhibitor
cocktail and 1x complete phosphatase inhibitor cocktail (Roche)
using a Precellys Evolution homogenizer (Bertin Technologies).
Approximately 100 pg of lysate was resolved on 8% SDS-PAGE,
blotted onto nitrocellulose membranes, and probed with anti-
ZSWIMS (1:400; Thermo PA5-59492) or anti-GAPDH (1:1000;
Cell Signaling 2118) followed by HRP-conjugated antirabbit sec-
ondary (1:10,000; Jackson ImmunoResearch 111-035-144).
Chemiluminescence detection was performed using Femto
Clean ECL solution (Thermo Fisher) with a Chemidoc MP imag-
ing station (Bio-Rad).

Quantitative PCR measurement of floxed allele recombination

E18.5 hearts were homogenized using a Precellys Evolution ho-
mogenizer (Bertin Technologies), and genomic DN A was extracted
using the DNeasy blood and tissue kit (Qiagen). Quantitative PCR
was performed with Power SYBR Green PCR master mix (Thermo
Fisher) using primers that were specific for the nonrecombined al-
lele. Primers that amplified a region of the Zswim8 gene outside of
the targeted sequence were used for normalization. Percent recom-
bined was calculated as 1 — (frequency of nonrecombined alleles).
Primer sequences are in Supplemental Table S3.

RNA extraction, small RNA sequencing, and Northern blot analysis

Tissues from E18.5 embryos were homogenized in Qiazol (Qia-
gen) using a Precellys Evolution homogenizer (Bertin Technolo-
gies). Total RNA was extracted using the miRNeasy mini RNA
isolation kit (Qiagen) and digested with DNase I to remove geno-
mic DNA. Library preparation was performed as previously de-
scribed (Kim et al. 2019; Han et al. 2020). In brief, total RNA
was size-fractionated on a 15% urea—polyacrylamide gel. RNAs
were ligated to a 3’ randomized adapter using T4 RNA ligase 2

672 GENES & DEVELOPMENT

truncated KQ in buffer supplemented with 20% PEG 8000 over-
night at 25°C. Following gel purification, RNAs were ligated to
a 5’ randomized adapter using T4 ligase 1 in buffer supplemented
with 20% PEG 8000 for 1 h at 37°C. The product was then re-
verse-transcribed with SuperScript III (Invitrogen), cDNA was
PCR-amplified with Phusion polymerase (Thermo Fisher), and
the product was gel-purified.

Northern blotting was performed as previously described (Han
et al. 2020). In brief, total RNA was run on a 15% urea—polyacryl-
amide gel and transferred to a nylon membrane before UV cross-
linking, blocking, and probing with a radiolabeled probe. A locked
nucleic acid probe (mmu-miR-450b-5p miRCURY LNA miRNA
fetection probe; Qiagen) was used to detect miR-450b, while stan-
dard DNA oligonucleotide probes were used for other miRNAs.
Probe sequences are in Supplemental Table S3.

Analysis of small RNA sequencing data

Adapters were trimmed using Cutadapt (Martin 2011), and
trimmed reads with low quality (-Q33 -q 20 -p 95) were filtered out
using FastX-Toolkit (http://hannonlab.cshl.edu/fastx_toolkit).
Reads were assigned to miRNAs in miRbase v22 (Kozomara
et al. 2019) based on a perfect match to the first 18 nt of each
miRNA. Tailing and trimming were analyzed as previously de-
scribed (Kleaveland et al. 2018). For each miRNA, the proportion
of reads with each observed length was calculated. The minimum
length of the normal range (L,,;,) of a miRNA was set as the min-
imum length with a proportion >14.5%, and the maximum length
of the normal range (L,,.,) was set as the maximum length with a
proportion >14.5%. The reads with length between L,,,;;, and L,
were defined as nontailed/nontrimmed miRNA, the reads with
length less than L,,;, were defined as trimmed miRNA, and reads
with length greater than L,,,, were defined as tailed miRNA. Edg-
eR (Robinson et al. 2010) was used to identify differentially ex-
pressed miRNAs between genotypes.

Quantification and statistical analysis

For measurements of body weight, each data point represents a
single embryo or mouse. Statistical comparisons were performed
using Prism 9. Unpaired t-tests were performed to evaluate differ-
ences between genotypes. Unpaired t-tests or Wilcoxon rank sum
tests were used to evaluate differences in tailing and trimming be-
tween miRNAs. A x> test was used to evaluate the enrichment of
clustered miRNAs among TDMD substrates. Significance is
indicated as follows: P<0.05 (*), P<0.01 (**), P<0.001 (***), and
P<0.0001 (****). All values are reported as mean + SD.

Data access

Small RNA sequencing data generated in this study have been
deposited in GEO (accession no. GSE235065). No custom code
was generated in this study.
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